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PREFACE 


Teaching reinforced concrete design, carrying out research relevant to the behavior of 
reinforced concrete members, as well as designing concrete structures motivated the 
preparation of this book. The basic objective of this book is to furnish the reader with 
the basic understanding of the mechanics and design of reinforced concrete. The 
contents of the book conform to the latest edition of the Egyptian Code for the Design 
and Construction of Concrete Structures ECP-203. The authors strongly recommend 
that the Code be utilized as a companion publication to this book. 

The book is aimed at two different groups. First, by treating the material in a logical 
and unified form, it is hoped that it can serve as a useful text for undergraduate and 
graduate student courses on reinforced concrete. Secondly, as a result of the continuing 
activity in the design and construction of reinforced concrete structures, it will be of 
value to practicing structural engineers. 

Numerous illustrative examples are given, the solution of which has been supplied so 
as to supplement the theoretical background and to familiarize the reader with the 
steps involved in actual design problem solving. 

In writing the book, the authors are conscious of a debt to many sources, to friends, 
colleagues, and co-workers in the field. Finally, this is as good a place as any for the 
authors to express their indebtedness to their honorable professors of Egypt, Canada 
and the U.S.A. Their contributions in introducing the authors to the field will always 
be remembered with the deepest gratitude. 

This volume contains the following chapters 

• Solid slabs 

• Hollow block slabs 

• Paneled beams 

• Flat slabs 

• Reinforced concrete stairs 

• Short columns 

• Eccentric sections 

• Slender columns 

• Reinforced concrete Frames 

It also includes appendices containing design aids. 
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Photo 1.1 Burj Dubai during construction (2007)—. 

1.1 Introduction 

Reinforced concrete solid slabs are used in floors, roofs and as decks of bridges as 
shown in Photo 1.1. Slabs may span in one direction or in two directions depending on 
the slab dimensions and the surrounding supporting elements. Slabs spanning in one 
direction are referred to as one-way slabs while those spanning in two directions are 
referred to as two-way slabs. 
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1.2 One-Way Solid Slabs 

1.2.1 Definition 

One-way solid slabs are extensively used in buildings, especially for spans less than 4 
meters. To be classified as a one-way slab, the ratio of the long side to the short side 
of the slab panel must exceed 2. They are referred to as one-way slabs because the 
bending is mainly in the short direction. Typically, a lm wide strip of the slab is 
analyzed and the reinforcement required for this strip is used in all parts of the slab. 


cantilever slabs main direction 



Fig. 1.1 One-way slabs 


1.2.2 Structural Behavior 

The direction in which the slab bends is called the main direction as shown in Fig 1.1. 
The main reinforcement is placed in this direction as illustrated in Fig. 1.2. 

For a one-way slab supported on four beams like the one shown in Fig. 1.2, the strip 
near the middle acts as a one-way slab. However, at the slab parts near the edges, 
some of the load is transferred in the longitudinal direction producing a two-way slab 
action. Thus, top reinforcement should be added on each' side of the girder to account 
for this action. If this reinforcement is ignored, wide cracks may develop on the top of 
the slab along edges (A-B) and (A'-B') 


Secondary reinforcement 

Main reinforcement direction 



Fig. 1.2 Structural action of one-way slabs 


The load transferred to the perpendicular direction is almost equal to zero except near 
the edge beams (Beams AB and A 'B'). Thus, a secondary mesh is required in this 
direction (as shown in Figs. 1.2 and 1.3) to carry this small portion and to keep the 
main reinforcement in place. Also, the secondary reinforcement is placed to control 
cracks produced by shrinkage or temperature changes and to help in distributing 
concentrated loads transversely. 
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a- Simply supported 


b- Continuous 


Fig. 1.3 One-way slabs supported on two sides 

It should be noted that if a slab panel is supported only on two sides, it would act as 
one-way slab regardless of the ratio of the long side to the short side. Figures 1.3.a and 
1.3.b show examples of slabs act as one way because of having supporting beams on 
two sides only. 


1.2.3 Effective Span 

The effective span (L e f) for solid slabs is given by the following equation 
. . [max of \ Lde “ r +t * 


= min of 1 (L05xZ, cto . for simple or continuous slabs 

CL to CL (L) 


j L, +t 

L. f = min of < ca 1 for cantilever slabs 

* [edge to CL (L) 



Continuous span ' Cantilever span 

Fig. 1.4 Effective spans for solid slabs 
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1.2.4 


Minimum Thickness 


The depth of solid slabs is usually controlled by deflection rather than flexural 
strength requirements. The ECP-203 gives the minimum thickness for one-way slabs 
reinforced with high grade steel in which the deflection calculations can be ignored as 
listed in Table 1.1. 


Table 1.1 (L n /t) ratios for members spanning less than 10 meters or cantilevers 
spanning less than 2m (£,=400 N/mm 1 ). (Deflection calculations can be ignored) 


Element 

Simply 

supported 

One end 

continuous 

Two ends 

continuous 

Cantilever 

Solid slabs 

25 

30 

36 

10 

Hidden Beams 

and hollow blocks 

20 

25 

28 

8 


L„ is the clear span. 

The values listed in Table (1.1) are valid when using high grade steel 400/600. In the 
case of using other types of reinforcing steel, the values mentioned in Table 1.1 should 
be divided by factor C given by: 


£ = 0.40 + - 


Where f y is the yield strength of reinforcing steel in N/mm 2 . 

The code also provides an absolute minimum thickness for one-way slabs 


LI 30 simple span 

t mm = <LI 35 continuous from one end 
LI 40 continuous from two ends 

where L is the effective span 


In addition, the absolute minimum thickness should not be less than 80 mm for slabs 
subjected to static loads and 120 mm for slabs subjected to dynamic loads. The 
aforementioned thickness can be reduced in case of prefabricated slabs. To satisfy 
serviceability requirements for corrosion and fire protection, the concrete cover should 
not be less than 20mm. 
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1.2.5 


Bending moments 

The exact solution for determining the bending moment distribution of solid slabs is 
complicated. In the case of equal spans with a maximum difference of 20% with equal 
uniform loads and the live loads are less than the dead loads (p<g), the Egyptian Code 
gives the following values: 

For slabs with two spans 

w u =lA(y t .xt ! + flooring ) + \.6w LL 



The value of the factor k is given in Fig. 1.5. 



10 10 

Fig. 1.5 k-factor for continuous slabs with two spans 
For slabs with three spans or more 



The value of the factor k is given in Fig. 1.6. 


10 12 12 



10 12 12 


Fig. 1.6 k-factor for continuous slabs with three spans or more 

In the case of unequal continuous one-way slabs, the bending moment can be obtained 
using classical structural analysis or computer programs. In this case, the negative 
bending moment over supports can be reduced according to a parabolic distribution by 
Mi/2, where Mj is the difference between the bending at the centerline and that at the 
support face as shown in Fig. 1.7. 
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Fig. 1.7 Negative moment reduction in solid slabs 

The structural analysis of the slabs shown in Fig. 1.8 may lead to a negative moment 
at midspan of the interior bay. However, the Egyptian Code requires that a minimum 
positive bending moment at any span should not be less than w u L /16 as shown in 
Fig. 1.8. 



Fig. 1.8 Minimum positive bending moments in one way slabs 

In case of slabs subjected to heavy live loads, the sections at midspan should be 
designed to withstand a negative bending moments in addition to a positive bending 
moment. The negative moment at midspan equals 



where g is the dead loads, p is the live loads, and L is the effective span 
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Example 1.1 

Compute and draw the reinforcement details for the reinforced concrete floor shown 
in the figure below. The floor is to be designed to carry a live load of 3 kN/m 2 and a 
flooring material of 1.5 kN/m 2 using concrete strength of 30 N/mm 2 and yield strength 
of steel of400 N/mm 2 . Consider the width of all beams to be 250 mm. 



Floor plan 


Solution 

Step 1: Estimate the thickness of the slab 

The plan consists of one way slabs. Assume that the slab thickness t s is 120 mm for all 
slabs in the floor and will be checked as follows. 

For one way slab, the minimum thickness is given by 

LI 30 simple span 

35 continuous from one end 
LI 40 continuous from two ends 
Slabs Si and S 3 are-one way slabs continuous from one end thus 



3.0x1000 

35 


= 86 mm (< t s ....o.k) 


Also for deflection calculations may be ignored if the thickness is greater than the 
values listed in Table 1.1. For the solid slab panel that is continuous from one side 
with/J,=400 N/mm 2 



L cleir (3.0-0.25)xl000 
30 30 


= 91.67 mm < t s (Deflection calculation is not necessary) 



Step 2: Calculate the effective span 

Since the width of all beams is 250 mm, the clear span is equal to 
L c lear = L-0.25 

where L is the centerline to centerline distance 
For the interior panel, the effective span is equal to 

m „ v nf j( L clear +t s 

max of ( 

L 4f =min-j [1.05 x L dear 

CL —¥ CL 

f f(3-0.25)+ 0.12 = 2.87 m 
T maxof^ 

[1.05X (3-0.25) = 2.89 m 

[3 m 


L e fj= 2.89 m 































Step 3: Calculate the Loads 

g s =slab weight +flooring =Y c *t s +flooring = 25x0.12 + 1.5 = 4.5kN Im 1 
p s = Live loads =3kN / m 1 
w u =1.4 g s +1.6p s 

w u =1.4x4.5+1.6x3 = 11.10 kN hn 1 

Taking a strip width of lm (b=1000 mm), the load acting on this strip is equal to 
w su ~ w u x1 = 11.10WV/m' 

Load transferred in x-direction =11.1 kN/m 2 (main direction) 

Load transferred in y-direction = 0 (secondary direction) 

Step 4: Bending Moments 

Since the slab is continuous with equal spans and equal loading, the bending moments 
can be obtained using code coefficients as follows 


Loading 


Moment 

factor 


Wu/rib=Il.lO kN/m' 


Bending 

moments 

(kN.m) 



Critical 

sections 
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Step 5: Design of reinforcement 

Assuming concrete cover of 20 mm 
d= 120-20 =100 mm 


A, ■ = — xbxd= — xl000xl00 = 150mm 2 
"”* f 400 


Design of Section 1 

M. ve = 9.25 kN.m, using the design aids namely R-co curve 

R = = — 9,25/10 —— = 0.0308 

f m bd 2 30xl000xl00 2 

From the curve, co=0.037 

f 10 

A , = co d = 0.037— x 1000x100 = 276 mm 1 >A smi „ 

s f y 400 

use (2.5 (D 10 + 2.5 cp 8/m') A s>chosen =322 mm 2 

Design of Section 2 

M +ve =7.71 kN.m, and using R-cn curve 

R • M “ = •• 7 - 7 - lx10 —- = 0.0257 
f cl ,bd 2 30x lOOOx 100 2 

From the curve, co=0.030 

f 30 

A - ay^-b xd = 0.030-xlOOOxlOO = 229 mm 2 >A S 


use (5 cp 8/m') 


=250 mm 


Because the slabs are one-way in the x-direction, the moment in the y-direction equals 
to zero. However, a secondary reinforcement mesh with cross sectional area of at least 
25% of the main steel should be provided. 

Use (5 08 /m'). 
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1.3 Two-Way Slabs 
1.3.1 Definition 

To classify a slab as a two-way slab, the length of the long side should be less than 
twice the length of the short side. The short direction is considered the main direction 
because most of the load is transferred in this direction. The main reinforcement is 
arranged in the short direction and the secondary reinforcement is arranged in the long 
direction. Two-way slabs are those that bend in double curvature as shown in Fig. 1.9, 
and thus require steel reinforcement in two directions to prevent excessive cracking 
and to limit deflections. The reinforcement is normally positioned parallel to the side 
of the slab in both directions. The position of the reinforcement is determined by the 
curvature of the slab. The top steel is placed in the negative curvature areas and the 
bottom steel in the positive curvature areas. 



Fig. 1.9 Main and secondary reinforcement in two-way slabs 


1.3.2 Elastic Analysis of Plates 

Textbooks dealing with the theory of elasticity such as the one by Timoshenko and 
Krieger contain exact solutions for two-way slabs. The fundamental assumption used 
in the analysis of plates under pure bending is that the deflection of the plate (z) is 
small in comparison to its thickness t. The basic differential equation for the uniformly 
loaded-simply supported rectangular plate shown in Fig. 1.10 is given by 

^L + 2 5<Z . - + ^1. = *...(1.5) 

3x 4 dx 2 dy 2 dy 4 D 


where z is the deflection of the plate, w is the uniform load and D is the flexural 
rigidity of the plate (similar to El in beams) and is given by 


Et 3 

12(l-v 2 ) 


( 1 . 6 ) 
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where E is the modulus of elasticity of the plate, t is the plate thickness and v is 
Poisson's ratio. 



Solving the previous differential equation gives the deflection of the plate. The 
solution must satisfy the conditions at the boundaries of the plate. For example, for a 
simply supported plate the deflection z along the edges must equal to zero (z=0 and 
M x =0 @ x=0 and x=a). Levy presents one of the famous solutions for this problem in 
1899 in the form of a series of sin curves as follows: 


z 



sin 


mn x 


a 


(1.7) 


where Y„, is function of y only and determined to satisfy the boundary condition. 
Having determined the deflection equation, the developed bending moments in the 
plate can be obtained using the following relations: 


M x =-D 


d 2 z d 2 z 
dx 2+v dy 2 


,.( 1 . 8 ) 


M y =-D 




M xy =-M yx =D(l-v) 


d 2 z 

dx dy 


..(1.9) 

( 1 . 10 ) 
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where /dx 2 is the curvature of the slab in x direction, and d 2 zldy l is the curvature in 
y direction. A positive curvature corresponds to a curve that is concave downwards. 
The magnitude of the moment is proportional to curvature. Equation 1.5 can be 
written in the following form: 


• 8 2 M x , d 2 M xy t 8 2 M y 
dx 2 dx dy dy 2 


( 1 . 11 ) 


This form indicates that in plates the load w results in: 

Bending moments in strips running in the x-direction (M x ) 
Bending moments in strips running in the y-direction (M y ) 
Torsional moments (M v ) 



Photo 1.3 Preparation of reinforcement of solid slabs 
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1.3.3 Load Distribution Factors According to ECP 203 

As has been shown in 1.3.2, the exact analysis of two-way slabs is complicated and 
involves many mathematical computations. However, for simplicity a strip of 1.0 m 
width can be analyzed in each direction as a wide beam. The bending moments 
resulting from the analysis of such a strip is quite different from those obtained using 
the exact plate analysis mentioned in section 1.3.2. This is attributed to the disregard 
of the torsional moment represented by the term cPzJdxdy. For example, for a 
uniformly loaded-simply supported square slab, the load transferred in x direction 
equals the load transferred in y direction (=w/2). Thus, the maximum bending 
moments developed in a strip of 1.0 m width of the slab is equal 


01334 8 8 


( 1 . 12 ) 


However, according to the theory of plates the maximum bending for square plate 
(v=0.2, Poisson's ratio for concrete) is only equal to 


0.0440.35 x^l .(1.13) 

The difference is quite large (%30) and attributed to the torsional moments developed 
in the plate. As the rectangularly ratio increases the load transferred in the short 
direction increases and the load transferred in the long direction decreases. The 
theoretical analysis of the plates is the basis of the values adopted in the Egyptian 
code in which the bending moment of a simply supported slab equals 


(w a)a 2 


(short direction ) 


(w p)b 2 ,. . . 

M b =-——— (long direction) 

8 

where a and (3 represent the percentage of loads causing bending moments in each 
direction. 


Comparing Eq. 1.13 to Eq. 1.14 gives a=0.35 for square plates, which is identical to 
the value adopted by the Egyptian code. Table 1.2 shows the ECP 203 values for a 
and p for different plate rectangularity ratios. The slab load w„ transferred in the short 
direction is denoted as w 0 and the load transferred in the longitudinal direction is 
denoted as w p as shown in Fig. 1.11, where 


d-15-a) 


w p =p-w u 


(1-15-b) 


The distribution factors a and P can be also represented by following set of equations 
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Fig. 1.11 Load distribution for two-way slabs 


Table 1.2 Values of a and p for solid slab with live loads less than 5 kN/m 2 


r 

i 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2 

a 

0.35 

0.40 

0.45 

0.50 

0.55 

0.60 

0.65 

0.70 

0.75 

0.80 

0.85 

p 

0.35 

0.29 

0.25 

0.21 

0.18 

0.16 

0.14 

0.12 

0.11 

0.09 

0.08 


The load transferred in each direction is affected by the continuity condition of the 
adjacent slabs. This was taken into consideration when determining the rectangularity 
ratio of slabs by using the coefficient m. The value of m depends on the support 
condition and is defined as the ratio between the two inflection points to the effective 
span. This coefficient is applied in each direction (a, b) to determine the effective 
rectangularity ratio r as follows 



(1.17) 


(1.18) 
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The use of the values listed in Table 1.2 is limited to slabs with live loads not more 
than 5 kN/m . If the live loads exceed this limit, the value of a and p should be taken 
from Table 2.4 in which the torsional moment is neglected. 

Two-way slabs designed according to the previously mentioned procedure have 
proven over the years a very satisfactory performance under service loads. This is 
attributed to tire stress redistribution at higher loads. As a result, the design of two- 
way slabs is generally based on empirical moment coefficients even for unequal 
spans, which might not give actual prediction of the stresses but give the total amount 
of reinforcement. That is why they say, “the total amount of reinforcement in a slab 
seems more important than the exact distribution The designer can clearly establish 
1 S rS 0n numerical analysis or on a finite element method as long as they meet all 
the ECP 203 requirements for deflection, cracking and reinforcement. 


1.3.4 Minimum Thickness 

To control cracking, deflection and to ensure good performance for two-way slab the 
code states that the minimum thickness t min should be 

a/ 35 simple span 

Lh = • a/40 continuous from one end .(1.19) 

a / 45 continuous from two ends 
where a is the short effective span 

Altiiough thin reinforced concrete two-way slabs have high flexural resistance their 
eflections are often large. From the deflection point of view, the thickness is 
considered acceptable if it is greater than t calculated using the following equation 


( f 

a 0.85 + -44L- 

, _ (, 1600 J 

15 + 20/(6/a)+ 10 P p ~ mmm 


rere a is the span in the short direction, b is the span in the long direction, P D is the 
ratio between the perimeter of the continuous edges to the total perimeter, and f v is the 
steel yield strength N/mm . It is clear that the slab thickness required for deflection 
considerations is higher in case of square slabs with large spans. For example, a slab 
reinforced with high-grade steel and continuous from all edges with dimensions of 
( mx5m) requires 122 mm thickness, while a slab with dimensions of (6m x 6m) 
requires 146 mm. ' 
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Rectangularity ratio, p 


Fig. 1.12 Minimum thickness of 2-way slabs for deflection control 


1.3.5 Related Code Provisions 

The minimum area of steel for one and two-way slabs is given by 



for all types of steel 


(1.21a) 



• At least one third of the reinforcement must extend from the support to the 
support. 

• The maximum distance between bars is 200 mm 

• The area of the secondary steel mesh should be at least 20,% of the main 
area of steel with a minimum of 4 bars per meter. 

• The minimum bar diameter is 6 mm for straight bars and 8mm for bent bars. 

• Slabs with a thickness of more than 160 mm should be reinforced with top 
steel mesh not less than 20% of the main steel with a minimum of 5<j>8/m' 
for mild steel and 5<j)6/m' for high grade steel. 

• Under normal conditions and for spans that do not differ more than 20%, 
half of the reinforcement can be bent at the fifth of the clear span and 
extends to the adjacent span one fourth the bigger of the two spans as shown 
in Fig. 1.13. 
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bigger of bigger of 
Lci/4 or Ltf/4 L^/4 or Ld/4 



A. Minimum code requirement for bar extension 


Fig. 1.13a Reinforcement details for solid slabs 


i j i 



B. Example of reinforcement for two-way slabs 


Fig. 1.13b Reinforcement details for solid slabs 
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1.3.6 Comer Reinforcement 

Twisting moments are developed at the comers of exterior two-way slabs. The 
magnitude of these moments is usually small for slabs spanning less than 4 to 5 
meters. However, for bigger spans (>5 ms) these moments tend to crack the slab. 
Special reinforcement should be added to control cracking and to resist the torsional 
moments. Bottom bars are placed perpendicular to the slab diagonal while top bars are 
placed in the direction of the diagonal as shown in Fig. 1.14.a. Alternatively the 
diagonal reinforcement can be replaced by top and bottom mats as shown in lg. 
1.14.b. The amount of this reinforcement can be taken as the same area and the 
spacing as the main positive reinforcement (per meter). The reinforcement should 
extend about one fifth of the clear span in either direction as shown in Fig. 1.14. 



Fig. 1.14 Corner reinforcement at an exterior two-way slab 
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Example 1.2 

A reinforced concrete floor is to be constructed as shown in Fig. EX 1.2. Beams with 
a cross section of (250 mm x 600 mm) are provided on all column lines. The floor is 
to be designed to carry a live load of 3 kN/m 2 and a flooring material of 2 kN/m 2 using 
concrete strength of 25 N/mm 2 and reinforcing steel having a yield strength of 360 
N/mm 2 . Calculate and draw the reinforcement required for the floor. 


Solution 

Step 1: Estimate the thickness of the slab 

The plan consists of one way, two way and cantilever slabs. Assume that the slab 
thickness t s is 120 mm for all slabs of the floor. 


For one way slab 


LI 30 
i/35 
Z./40 


simple span • 
continuous from one end 
continuous from two ends 


Since slabs S 6 and S g are one-way slabs continuous from two ends, the minimum 
thickness is given by 


2.4x1000 


= 60 mm(< t s _O.k) 


* min 40 ' 40 

Also for deflection calculations to be ignored the thickness should be at least: 

£ = 0.40+^-= 0.40 + — = 0.95 
650 650 


* mi " (36/f) ' 


(2.4-0.25) x 1000 
(36/0.95) 


= 56.73 mm (< t s .. ..o.k) 


For two way slabs 

The biggest slab is S10 (4.8x 5.4 m) 

simple span 

continuous from one end 
continuous from two ends 


a’/ 35 
a" 1 40 
a’/45 


a* is the short span 

This span is considered continuous from one end thus 


a 


40 


4.8x1000 

40 


= 120 mm(=t s . 


..O.k) 
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5.40 2.40 3.60 4.80 
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For cantilever slabs 

There is no direct recommendation for the minimum thickness for cantilever slabs 
except for deflection calculations. The minimum thickness for cantilever slabs 
reinforced with high grade steel (f y =360 N/mm 2 ) equals 

L 1.6x1000 ,, A 
t m - m = — =-= 160 mm >4 

m,„ 10 10 

From economic point of view, it is better to use thickness of 120 mm and to check the 
deflection. 

Step 2: Effective span 

Since the width of all beams are 250 mm, the clear span equals 
Lclear = L-0.25 

where L is the centerline to centerline distance 


For interior span, the effective length equals to 


max of- 


CL to CL 


max of 


\L- 0.25) + 0.12 
1.05x(L -0.25) 


For cantilever slabs 

, -min -minl (L -° 125) + 0 - 12 

— nun "x — nun 5 

cff [edge to CL (L 


Slab I Lx I b'clear,x J b'dear,x I 1 *05 X 


Ly I Lclear.y I L , clear,y K05 X J L e f 



Step 3: Calculation of loads 

w u =1.4 g s +1.6 p s = 1.4 ( 25 x t s + flooring) + 1.6 x LL 
w u =1.4x(25x0.120 + 2.0) + 1.6x3 = 11.8 kN/m 2 
Taking a strip of lm, the load acting on this strip equals to 
Wju =w„ xl = 11.80 kN/m' andb=1000 mm 

For one-way and cantilever slabs 

w a =w su and w p =0 

For two-way slabs 

The load distribution factors are determined using the rectangularity ratio r 
m i, *b (bigger) 
m a xa ( smaller) 

where b and a are the effective spans and 
1.0 simple span 

m a or m h = - 0.87 continuous from one end 
0.76 continuous from two ends 

The values of a and p are obtained from Table 1.2 

w a = a. w su 
w fi =fi.w su 

Please note that w a is the load transferred in the short direction (not x-direction) and 
Wp is the load transferred in the long direction. For example for slab S8 w a runs in y- 
direction and Wp in x-direction,,while for slab S10 w a runs in x-direction and w p in y- 
direction. 


Slab 

Leff.x 

m* 

Leff,y 

m y 

r 

a 

P 

W a 

Wp 

SI 

3.60 

1 

1.20 

0.87 

3.46 

1.00 

0.00 

11.80 

0.00 

S2 

4.78 

0.87 

4.78 

0.87 

1.00 

0.35 

0.35 

4.13 

4.13 

S3 

3.52 

0.87 

4.78 

0.87 

1.36 

0.53 

0.19 

6.24 

2.24 

S4 

1.60 

0.87 

3.60 

1 

2.59 

1.00 

0.00 

11.80 

0.00 

S5 

4.78 

0.76 

3.52 

0.76 

1.36 

0.53 

0.19 

6.24 

2.24 

S6 

1.67 

0.76 

7.20 

0.87 

4.94 

1.00 

0.00 

11.80 

0.00 

S7 

3.94 

0.87 

3.52 

0.87 

. 1.12 

0.41 

0.28 

4.83 

3.30 

S8 

4.78 

0.87 

2.27 

0.76 

2.41 

1.00 

0.00 

11.80 

0.00 

S9 

3.94 

0.87 

3.52 

0.87 

1,12 

0:41 

0.28 

4.83 

3.30 

S1.0 

4.78 

1 

5.40 

0.87 

1.02 

0.36 

0.34 

4.23 

3.99 

S11 

1.67 

1 

4.15 

1 

2.48 

1.00 

0.00 

11.80 

0.00 


• direction, slab S3 is not continuous with S6 (one way slab in X- direction). 
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Bending moment and reinforcement 

The floor slab considered in this example has panels that contain variation in loads 
an spans of more than 20%. Exact analysis of such a floor is lengthy and quite 
edious. Due to the fact that R/C slabs have an ability to redistribute the moments it 
has become a common practice to extend the use of the moment coefficients 
mentioned in 1.2.5 to most types of floors. 

The procedure followed to obtain the design moments in the floor of this example: 

1. The positive moment in any span equals to 

M 

k 

2. The negative moment developed at the support connecting two adjacent unequal 
spans is conservatively taken as the larger of M u , and M u2 given by 

*i “ 2 k 2 


the larger of 
M u , and M u2 


the larger of 
M u2 and M u3 


M _ 

* ¥~ 


w ui 


12 


“ J *“ Umi " 8 “ “« ’“«>■ i> 1-5 tN«. the beedhtg 

U.-2££l+Mx L 
“ 2 z vir 


The effective depth equals 
d = VI5 = 105 mm in the main direction (a) 

d- t s -25 = 95 mm in the secondary direction (p) 

ff _ M,xlO« _ ALxlO 6 _ x 40 
/« b d 2 25 x 1000 x d 2 d 2 

A s ~G>x^-xbxd = co X — xlOOOxrf = 69.44 x® xd >A . 


a 0 . 6 , , 0.6 . ■ 

f bd — ——x!000xl05= 175 mm 2 
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Design of Slabs in X-Direction 


Slab 

Leff.x 

(m) 

w ux 

(kN/mj 

SI 

3.60 

0.00 

S2 

4.78 

4.13 

S3 

3.52 

6.24 

S4 

1.60 

11.80 

S5 

4.78 

2.24 

S6 

1.67 

11.80 

S7 

3.94 

3.30 

S8 

4.78 

0.00 

S9 

3.94 

3.30 

S10 

4.78 

3.99 


M ux d 
(kN.m) mm 


7.72 105 


17.40 105 


! 0.0000 


0.0342 


0.0280 


0.0631 


chosen 

5 <1> 8/m' 


5.11 95 0.0226 


95 

95 


95 


11.39 95 


4.11 105 0.0149 


0.0099 0.012 


0.027 


0.000 


0.027 


0.062 


0.0149 10.017 


3 


+ 

£ 

CO 

3 

<J> 

10/m' 

¥ 

¥ 

8/m' 

¥ 

¥ 

10/m'+ 

3 

CD 

12/m' 

¥ 


8/m'+ 

CO ! 

<1> 

10/m' 

3 

¥ 

8/m'+ 

CO ! 

<i> 

10/m' 

6 

¥ 

8/m' 

¥ 

4> 

8/m' 

¥ 

¥ 

8/m' 

to 

¥ 

10/m' 


5 4> 8/m' 


Design of Slabs in Y-Direction 


Slab Leff.y w U y k Myy d R (o As As 

(m) (kN/m } (kN.m) mm required chosen 

51 1.20 11.80 2 103* 105 0.0374 0.045 325 3 0 8^'+" 

3 <t> 10/m' 

52 478 413 10 043 95 0.0418 0.051 333 


95 I 0.0226 I 0.027 I 176 


95 0.0000 0.000 175 

105 '00234' 0.028 201 



6 

4> 

8/m' 

¥ 

¥ 

8/m' 

¥ 

<6 

8/m' 

¥ 

¥ 

8/m' 

CD 

¥ 

8/m' 

CO 

¥ 

8/m'+ 

3 

4> 

10/m' 

¥ 

<h 

8/m' 

¥ 

4> 

10/m' 


10 

To 


5.98 

12.33 


0.0217 

00447 


'.026 

1.054 
































































































































28 


Photo 2. 


1 Reinforcement placement in ribbed slab during construction 


2.1 Introduction 

significantly. u 

The main advantage of using hollow blocks is to naggof 
pan of the concrete below the neu«a '/%£?£££ ££S beams (Hi. 




























200 mm 


The blocks do not contribute to the strength of the slab; as a matter of fact it is an 
additional weight on the slab. Thus, in recent years these blocks were made of 
polystyrene which is 1/15 of the weight of concrete blocks as shown in Fig. 2.1. Thus, 
a reduction in the reinforcement can be achieved. The values listed in Table 2.1 
include the weight of the concrete ribs and 50mm top concrete slab. If for any reason 
the thickness of the top flange was increased more than 50 mm, the additional weight 
should be included in the calculations. The total ultimate load for per square meter w su 
is given by 

w u -\Ax\weightof blocks lm 2 (Table 2.l)+flooring]+l.6w u . (2.1) 


cement mortar (20-30 mm) 



Foam block, w= 0.16 kN/m 2 Concrete block, w= 2.7 kN/m 2 

(polystyrene) (without concrete slab weight) 


Fig. 2.1 Weight comparison between concrete and foam blocks. 


Table 2.1 Weight of material used in hollow block floors* (kN/m 2 ) 


Concrete blocks 

400x200x150 

Concrete blocks 

400x200x200 

Concrete blocks 

400x200x250 

Foam blocks 

500x400x200 

One way 

Two-way 

One-way 

Two-way 

One-way 

Two-way 

One-way 

Two-way 

3.03 

3.36 

3.30 

3.80 

4.10 

4.78 

0.70 

1.20 


* include the weight of the concrete ribs and 50mm top concrete slab 


Hollow block slabs are classified into: a)one-way hollow block slabs or b)two-way 
hollow block slabs depending on the arrangement of the ribs on plan. Fig. 2.2. A shows 
a one-way hollow block slab in which the ribs are arranged in one direction. Fig. 2.2.B 
on the other hand, shows a two-way hollow block slabs in which the ribs are arranged 
in two directions 

To avoid shear failure, the blocks are terminated near the support and replaced by solid 
parts. Solid parts are also made under partitions, brick walls and concentrated loads. 
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2.2 One-Way Hollow Block Slabs 
2.2.1 General 

One-way hollow blocks are used frequently in construction even for slabs with a 
rectangularity ratio less than 2. This is attributed to the ease of placing the blocks in 
one direction! The arrangement of the ribs controls the direction oftheslab> «ga xd \ess 
of its rectangularity ratio. The ribs are positioned in the shorter direction, thus all h 
loads are transferred in this direction as shown in Fig. 2.2.A 
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2.2.2 Arrangement of blocks 

The number of blocks in each direction miist be specified on the construction 
drawings. Thus, the layout of the blocks must be positioned so that enough solid parts 
are present near the supporting beams. For floors with hidden beams, the solid part 
must be wide enough to carry all the applied loads. The normal width of the solid part 
ranges between 0.8-2.0 for floors with hidden beams and ranges between 0.2-0.5 for 
floors with projected beams. 

Having determined the dimension of the solid parts, the clear length of the blocks can 
be attained as shown in Fig. 2.3. For example, in the case of using 400x200x200 
blocks in a one-way slab, the clear distance in the rib direction equals to 

£ cl = 200 x n, +100 x n cr 

where n, is the number of blocks in rib direction and n„ is the number of cross ribs. 
The clear distance in the perpendicular direction equals 

Z, c2 =400 x« 2 + 100 (w 2 — 1) 

L c2 = 500 xn 2 -100 

Where n 2 is the number of blocks perpendicular to the ribs. The number of ribs=«1 



Photo 2.2 One-way hollow blocks during construction 




Fig. 2.3 Arrangement of blocks and cross ribs in one-way slabs 











Hollow block slabs can be used to form a cantilever slab as shown in Fie 2 4 The rihs 
can be eilher made continuous aa in Fig. 2.4.A, or simply supported on two hidden 
beam, as shown m Fig. 2.4.B. For slabs with inegular shapi, the blocks can be 
arranged along the perimeter as shown in Fig 2.4.C. 
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A. Continuous ribs spanning in D 

the long direction B ' Rlbs s P annm g as simply 

supported on hidden beams. 



Fig. 2.4 Hollow blocks arrangement in cantilever and irregular slabs. 


2.2.3 Code Provisions 

• The thickness of the slab (tj should not be less than 50 mm or the 1/10 of the 
clear spacing between blocks (e/10) as shown in Fig. 2.5. 

• The maximum clear distance (e) is 700 mm 

• The minimum rib width ( b) is 100mm or 1/3 the total slab thickness (t/3) 



b>t/3 


Fig. 2.5 Minimum dimensions required by the code 

• To avoid cracking due to shrinkage in the top concrete flange, the cement 
blocks should be watered prior to concrete placing. A light reinforcing steel 
mesh should be placed in the top slab for added durability and strength. This 
mesh also helps in case the slab is subjected to concentrated or moving loads 
and reduces cracking and shrinkage in the concrete. The code requires that 
reinforcement in the direction of the ribs should be at least 5<j)6/m' 
perpendicular to the ribs and 4<j)6/m' parallel to the ribs. 

• Transversal ribs or cross ribs are added to one-way hollow block floors for 
better distribution of the applied loads. They also help in distributing the 
concentrated loads due to walls in the transverse direction. The bottom 
reinforcement is taken as the reinforcement in the main ribs, and the top 
reinforcement should be at least 'A of the bottom reinforcement. The code 
requires that in case of large spans or heavy live loads that the floor should 
be equipped with cross ribs with the conditions shown in Table 2.2. Fig. 2.3 
illustrate the use of cross ribs in one way slabs and block arrangement 


Table 2.2 Cross-rib requirements by the ECP 203 


Live loads 

Span 

Condition 


< 5m 

No cross rib required 

■BBSH 

> 5m 

One cross rib 


4m to 7m 

One cross rib 


>7m 

Three cross rib 
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2.2.4 Design of One-way Hollow Block Slabs 
2.2.4.1 Design of Ribs 

The nbs can be considered as a beam having a flange width B which is equal to the 
distance between ribs. The ribs carries a uniformly distributed b J^JuaS 

w ur =w ll xB ( kN/m') . pi) 

where w u is the slab load in kN/m 2 and B=e+b 

Depending on the sign of the bending moment, the sections may be designed either as 

S r i0nS - SmCe SeCt, ° n (A) 1S sub J ec ^ Posit^e bending^t 

d I ! 0 "’ WhereaS SeCtlon (B > is subjected to negative bending and it is 
designed as rectangular section as shown in Fig. 2.6. 



• Fig. 2.6 Design of ribs 

An example of the reinforcement of a one way hollow block floor is shown in Fig. 2.7 
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2.2.4.2 Design of Hidden Beams 

Hidden beams are usually used in hollow block floors to give flexibility and a sense of 
spaciousness. Due to their limited depth, hidden beams are heavily reinforced and their 
width exceeds their depth as shown in Fig. 2.8.A. To reduce the amount of 
reinforcement, the depth of the hidden beam is increased by 50 mm as shown in Fig. 
2.8.B. 




B: Hidden beam with increased thickness 


Fig. 2.8 Cross section in a hidden beam 
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Since the width of the hidden beam is greater than its depth, the ECP 203 requires that 
the applied shear stress, q u =QJ(B . d), be less than the concrete shear strength i q„ 
without any shear reinforcement contribution. Thus, it is customary not to use bent 
bars in hidden beams because the shear reinforcement contribution is not allowed by 
the code. For hidden beams, the concrete shear strength q cu is given by 



(N / mm 2 ) .. 


The minimum shear reinforcement for hidden beams can be reduced to 



(2.3) 


(2.4.a) 




where q u is the ultimate shear strength at the critical section and q cu is the concrete 
shear strength. The stirrups should be arranged so that the distance between stirrups 
should not exceed 250 mm as shown in Fig, 2.8. It has to be mentioned that the role of 
the stirrups in such case is to keep the longitudinal bars in place and to confine 
concrete in the cross section. 



Photo 2.3 Reinforcement placement in a hidden beam 
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Example 2.1 

A hollow block floor with hidden beams is constructed with concrete blocks over 
several spans as shown in figure. The characteristic material strength is 

f cu = 40 N/mm 2 and 

/;=400 N/mm 2 

The applied loads are 

Live loads=4 kN/m 2 

Flooring =2 kN/m 2 

Design the floor using one-way hollow block slabs with hidden beams. 



Solution 

Step 1: Dimensioning 

Choose 400x200x200 concrete blocks 
Thus, e= block width=400 mm 


(50 mm 

t s =biggerof | e/10 = 40mm 
t s =50 mm 

t = t block +t s = 200+50 =250 mm 



Step 2: Calculation of ultimate loads. 

For concrete blocks of dimensions 400x200x200, the self weight of the blocks and the 
concrete ribs is 3.3 kN/m 2 (refer to Table 2.1) 
g s = self weight + flooring=3.3+2 =5.3 kN/m 2 
p s =4 kN/m 2 

w^lAg, +1.6p, = 1.4x5.3 + 1.6x4 = 13.82 kN/m 2 

Since this is a one way hollow blocks, all the load is carried in the direction of the nbs. 
= w u (e+b) = 13.82 (400+100) /1000=6.91 kN/m' 

Step 3: Arrangement of blocks 

The code requires the use of one cross rib for live loads >3 kN/m 2 and spans from 4-7 
m (n cr —l). Since the roof contains hidden beams the distance c measured from the 
centerline is taken from 300-700 mm. - 

Let us assume that clear span for the blocks are 0.6-1.0 m less than centerline distance. 
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Step 3.1: Arrangement of the blocks in x-direction 
Step 3.1.1: Exterior bay 

(Let Cj+C 2 =900) 

Lei = 5400 - (C, +C 2 )= 5400 - 900 = 4500 mm 
200 xn, +100 x n cr =4500 mm 
where, ni=No of blocks and n cr = No. of cross ribs 
200 x«! +100x1 = 4500 ni=22 

Ci=300 mm (near projected beam) C 2 =600 mm (near hidden beam) 
Step 3.1.2: Interior bay 
Assume C 3 =650 mm (value close to C 2 ) 

L C2 = 5400 - 2C 3 = 5400 - 1300 = 4100 mm 
200 xh 2 + 100x« o . =4100 mm where, n 2 =no ofblocks 

200xn 2 +100x1 = 4100 —*—* n 2 =20 —>—> C 3 =650 mm 


Step 3.2: Arrangement of the blocks in y-direction 

Assume C 4 = 300 mm 

La = 6200 - 2 C 4 =6200 - 2 x 300 =5600 mm 

If we assume that n 3 = No. ofblocks, then the number of ribs =(n 3 -l) 

400xn,+ 100 (m 3 -1) = 5600 
5600= 500xn 3 -100 
n 3 =11 -4 block 

Round down to the nearest number (n 3 =l 1), and recalculate C 4 
6200 - 2 C 4 = 500 x 11 - 100 C 4 =400 mm 

Thus use C 4 =400 mm 

Step 4: Design of Ribs 

Step 4.1: Calculation of the Bending Moments in Ribs 

Since the ribs are continuous over the supports with equal loads and equal spans, the 
code coefficients for slabs are applied 



_ 24 -10 -10 ~ 24 
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Step 4.2: Design of rib critical sections (Continuous rib) 

Design of Section 1 

This section is subjected to a positive bending (20.15 kN.m), the compression flange 
form a T-section as shown in the Figure. 

From the figure B=500 mm ■ 

Assuming concrete cover of 30 mm 
d= 250 -30 =220 mm 



b=100 



e=400 mm 



Using the Cl-J curve 


d = Cl 



220 = Cl 


20.15 xlO 6 
40x500 


Cl =6.93 


The point is outside the curve use (c/d) mi „=0.125 
c=0.125 x 220=27.5 mm 

a=0.8 x c = 22 mm <t s .o.k. 

use j=0.825 


A s 


K 

jxdxfy 


20.15x10* 
0.825 x220x400 


= 277 mm 1 


min ' = smaller of 


[0. 225 4[2 b d = 0 - 225 .^0. x too x 220 = 78.2 mm 1 J <A S ok 
f y 400 

1.34 =1.3x277 = 360 mm 2 


use 2 0> 14 (307 mm 2 )/rib (1) 


The minimum area of steel for beams was used 


Design of Section 2 

This section is subjected to a negative bending moment (20.15 kN.m), thus the rib will 
be designed as rectangular section 
b=100 mm 


ts= 50 mm 



e=400 mm 


M„=20.15 


b=l00 mm 


Using R-co curve 

R _ = 20.15xl0 6 _ = 0 1041 

f cu bd 1 40xl00x220 2 

From the curve it can be determined that co=0.14 
A =0} L^b-xd =0.14-^-x 100x220 = 307 mm 1 >A S , 


use ( 2 <F 14, 307.9 mm 2 )/rib 

Design of Section 3 

This section is subjected to a positive bending (16.8 kN.m), the compression flange 
form a T-section. Using the Cl-J curve 



(16.8 xlO 6 

220 = Cl, -- s Cl=/.o 

1 40x500 


The point is outside the curve, 
use c/d) m i„=0.125 —► » > use j=0.826 


c=0.125x 220=27.5 mm 


a=0.8 x c = 22 mm <t s .o.k. 
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M u 16.8x10" „ - 2 

A - ---=-=231.3 mm 

s jxdxf 0.826x220x400 


use (1012+1014,267 mm 2 )/rib 
t s = 50 mm 


5 <j> 6/m' 


4()) 6 /m' 



Q 1 
|L 



Step 5: Design of hidden Beam (Bl) 

The slab over the hidden beam will be increased by 50 mm. 
t=300 mm 

B=600+650=l250 mm 

The self weight of the beam =y c B t = 25 x 1.25x 0.3 = 9.375 kN/m' 

But this weight should subtracted from the self weight of the blocks 
Self weight of the blocks = o.w x B=3.3 x 1.25 = 4.125 kN/m' 

Net weight =9.375-4.125=5.25 kN/m', factored net weight =1.4 x 5.25 =7.35 kN/m' 
w ub = w u x spacing + net weight=13.82 x 5.4 + 7.35= 81.98 kN/m' 





Hidden beam 


A* 


B=1250 



\,Hollow blocks 


Note: w ub calculations can be simplified by assuming that the increase in the hidden 
beam weight is about 10—>12% of the slab weight as follows: 

w ub =l.lxw u xspacing =1.1x13.82x5.4 = 82.1 kN lm' 
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Step 5.1Design for flexure 


ultimate 

Loads 


w„/,=S/.9S kN/m ' 




rTTTTX 




i i I nr 


6.2 


6.2 


-24 - 9 ' 24 

Moment ___—--- 7 ^ 

factors & mfr + jj 


Bending 

moments 

(kN.m) 


131.3 

& 


350.14 

5“ 


286.5 


286.5 


131.3 


"Ar 


Critical 
sections ^ 

r 





h r 

A 

( 

n c 



(3) (D © © 


Shear 

factors 



0.60 0.60 


0.40 


Shear 2033_304.9 304.9 2033 _ 

force, kN ^ A 


Assertions fnthehidden beam are rectangular sections. Assuming cover of 30 mm, 
d=270 mm. Using R-co curve 


M u _ 3 50.14xl0 6 

f cu bd 2 ~ 40x1250x270" 


= 0.096 


From the curve it can be determined that ©-0.126 
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A. = ® X d = o. 126 ~x 1250X270 = 4248 mm 2 


0.225 -s/40 


x 1250x270 = 1201/«m 2 J<,f oJt 


A sm[n =smaller of V 400 z/u = izui mm - 

[ 1.3,4, = 1.3x4248 = 5523 n 2 

use (140 20, 4398 mm 2 ) 

The design of other critical sections is summarized in the following table 


—-Ms_ R co 1 A s CtoiSn 

- 1 _ 286,5 0-079 0,100 3379.7 ~l45TTir®20“ 

-1_ 131.3 0,036 0,043 1459.5 1885~ 6 0 20 

Step 5.2: Design for Shear 

The critical section for shear is at d/2 from the face of the middle support 
Assume that the width of the column is 600 mm. The critical section is at section 1 as 
shown m figure with code coefficient of 0.6 


Qu - 0.6 w uh L - w uh 7 + 7 =0.6x81.98x6.2- 


81.98 (600 270 


— + — = 269.3 kN 
A 1 J 


Q u _ 269.3x1000 
Bxd . 1250x270 


: 0.80 N / mm 2 


The code requires that the beam shear stress be less than concrete shear strength given by 

9ai ~ 0.16 J—— - 0.16 J—~ = 0.826 N/mm 2 

• 1 l.J 

Since q u <q cu the shear strength of the beam is sufficient. Provide minimum area of 
stirrups. Assuming spacing of 200 mm and using mild steel^=240 N/mm 2 

0.4 0.4 

«.mm = ~f r ^ XS = 240 X 1250x200 = 416 mm 1 
The previous amount can be reduced according to the code item 4-2-2-1-6-c 


^st.w in 416 X 


— =416x 
9cuJ 


= 405 mm 2 


Assuming 6 branches, the area of one branch equals 


416 

4 S /, = —— = 69.44 mm 2 
6 


Choose <ji 10 (78.5 mm 2 ) 


Use 4> 10/200 mm (5q? 10/m'). 

Since we have six branches, use 60 16 as a secondary reinforcement 
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b. Longitudinal section in the hidden beam 



Reinforcement details for the hidden beam 





















Reinforcement layout for the hollow blocks floor 


50 


2.3 Two-Way Hollow Block Slabs 

In these types of floors the ribs run in two directions and the load is distributed in both 
Srect on^ shown in Fig. 2.9. It is more economical to use two-way slabs if the 
6 min. However, the plac.ng of <h« blooks m mo d.r.cnons 

during the construction is more difficult. 




Fig. 2.9 Arrangement of the blocks in two-way hollow block slabs 


In tvDical hollow block floors, the designer has to choose between the simplicity of 
construction one-way hollow block and the economy that might be offered by utilizing 

two way hollow blocks. 

Figure 2.10 shows two options for arranging hollow-blocks in the same roof. Note that 
cantilever hollow block slabs are designed as one-way hollow block slabs. 
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2.3.1 Method off Analysis 

The analysis of two-way hollow blocks is carried out according to the type of 
supporting beams. The code distinguishes between the two cases: 

Case A: two-way hollow block floors with hidden beams are designed m a similar 
fashion to the flat slabs. 


Case B: two-way hollow block floors with projected beams are divided in two sub¬ 
cases depending on the live loads and the compression flange as shown Tab 


Table 2.3 load distribution values that should be used in designing two way 
hollow block floors with projected beams 


Compression flange case 

Live load value 


LL < 5 kN/nT 

LL > 5 kN/nT 

Complete compression 

flange 

Use Table (2.4) 

(Marcus) 

Use 1 able (2.5) 

(Grashoff) 

Incomplete compression 

flange 

Use Table (2.5) 

(Grashoff) 

Use Table (2.5) 

(Grashoff) | 


2.3.2 Design off two-way hollow slabs with projected beams 
2.3.2.1 Design off ribs 

Two-way hollow blocks have some capability to develop torsion but not as much as 
the solid slab. About 15-20% of the total load is consumed m torsional action Marcus 
developed the distribution for such types of slabs in which the distribution load factors 
are reduced to account for some torsion action. The values are listed in Table 2.4. 


Table 2.4 a and P values for two-way hollow block slabs (Marcus values) 


r 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

a 

0.396 

0.473 

0.543 

0.606 

0.660 

0.706 

0.746 

0.778 

0.806 

0.830 

0.849 

P 

0.396 

0.333 

0.262 

0.212 

0.172 

0.140 

0.113 

0.093 

0.077 

0.063 

0.053 


In some cases where the live loads are considerably high, it is more advisable to • 
neglect the torsion action and distribute the load according to Grashoff's factors listed 

in Table 2.5.' 
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SL'h.k“v‘ ta/* 1 "* t ° rn ’°-^ y h0 " <Wbl “ k — -M. high live loads 


1 1.1 

1.2 1.3 

1.4 1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

0.595 

0.672 0.742 

0.797 0.834 

0.867 

0.893 

0.914 

0.928 

0.941 

0.405 

0.328 0.258 

0.203 0.166 

0.133 

0.107 

0.086 

0.072 

0.059 


-—‘-^-L_ I 

The total factored load in the slab is given by: 

w „ = 1.4 x [weight of blocks/m 2 (Table 2.1 )+flooring] + 1.6w u .(2.4 a ) 

For nbs running in the short direction, the design loads are given by: 

w a,n„ =aw u (b + e) . (2 4b) 

For nbs running in the long direction, the design loads are given by: 

w a,n b =Pw u (b + e) . . 

manners to those n “h °“ ” 

of the reinforcement for a floor comprising one-way antTtwrMaay hoUowblwrksiate. 6 

2.3.2.2 Design of Projected beams 

Projected beams are designed to carry the following loads 

1- Own-weight 

2- Wall load (if any) 

3- Load transmitted from the slabs 

f the Slab l0ad t0 the projected beams is earned out as shown in Fie 

Fig. 2.6 Coefficients of equivalent uniform loads on beams 




0.725 | 0.769 I 0.803 


P j 0.500 j 0.554 | 0.582 I 0.615 | 0.642 I 0.667 0.688 0.706 I 0.722 0.737( 0. 


1 6 

1 7 



0.870 

0.885 
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Fig. 2.12 Load distribution on the projected beams. 


The bending moments and shear forces in the projected beams are obtained using 
methods of structural analysis (or code coefficients if applicable). Sections of positive 
moments are designed as T-sections while those of negative moments are designed as 
rectangular sections as shown in Fig. 2.13. 


i 


ISM 


T-section 










compress ion 

zone 



) 




Fig. 2.13 Type of section in projected beams according to the applied moment. 


Fig 2.14 shows a summary of the load calculations for beams in hollow block roofs. 


56 


Design of Beams in 
Hollow block slabs 



One way 


Two way 



B2 B2 

s nn 5.00m 

---Jf"-- 

W B1 = O.W. + W u x 2.50 
W B2 = O.W. 

W B3 = O.W. + W u x 5.00 


B2 B2 

5.00 5.00 


r = 6/5 =1.20 

From Table 2.6 — a = 0.769 

W . = O.W. + W..X 0.769 x 2.50 
81 u 

W B2 = O.W. + W u x 0.67 x 2.50 
W B3 = O.W. + W u x 0.769 x 5.00 


Note:Wall loads may be added (if any) 


Fig.2.14 Calculation of loads of beams in hollow block roofs 
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Example 2.2 

Redesign example 2.1 using two-way hollow blocks with projected beams 

Solution 

Step 1: Dimensioning 

Choose 400x200x200 blocks 
Take e=400 mm 


t s = bigger of 


f 50 mm 
|e/10 = 40 mm 


t s =50 mm 

t = tbiock+ts — 200+50 =250 mm 


b- bigger of 


100 mm 

250/3 = 8.33 mm 



Step 2: Calculating Ultimate Loads. 

For concrete blocks 400x200x200 and from Table (2.1) the self weight of the blocks 
and the concrete ribs is 3.8 kN/m 2 

g s = self weight + flooring=3.8+2 =5.8 kN/m 2 
p s =4 kN/m 2 

K =L4g J +1.6p J =1.4x5.8 + 1.6x4 = 14.52 kN/m 2 


Since this is two way hollow blocks with projected beams and L.L.< 5kN/m 2 , use 
Table 2.3 (Marcus). The load distribution factors are 
a=0.507 and p=0.299 

Wo/nb = a w u (e+b) =0.507 x 14.52 (400+100) /1000=3.68 kN/m' 
wp/ r ib = p w u (e+b) = 0.299 x 14.52 (400+100) /1000=2.17 kN/m' 
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Step 3: Arrangement of Blocks 

Since the roof contains projected beams the distance c measured from the centerline is 
taken from 300-500 mm. Let us assume that the clear span for the blocks is 0.6-1.0 m 
less than centerline distance 

Transversal direction 

Assume Ci=500 mm 

Lei = 5400 - 2C,= 5400 - 1000 = 4400 mm 

500 x n, + 400 = 4400 mm where, nt=no of ribs —>—> nj=8 

Longitudinal direction 

Assume C 2 = 400 mm 

L c 2 = 6200 - 2 C 2 =6200-2x 400=5400 where, n 2 =no of ribs 


500xn 2 +400=5400 n 2 =10 


Step 4: Design of ribs 

Step 4.1: Transversal direction 

Step 4.1.1: Calculation of the bending moments 

Since the ribs are continuous over the supports with equal loads and equal spans, the 
code coefficients ( k ) for slabs are applied. The transversal direction is the shorter 
direction thus w a is transferring in this direction 
u 3-68x5.4* 


w 0 =3.68 kN/m' 
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Step 4.2: Design of the Longitudinal Direction 
Step 4.2.1 Calculation of the bending moments 

Since the ribs are continuous over the supports with equal loads equal span, the code 
coefficients ( k ) for slabs are applied. The longitudinal direction is the shorter direction 
thus Wp is transferring in this direction 
w„xL 2 2.17 x 6.2 2 


2-17x6.2 2 

k 


Ultimate 

Loads 


Wfi= 2.17 kN/m' 


Moment 

factors 


Bending 

moment 


Critical 

sections 



Step 4.2.2: Design of Rib Critical Sections 
Design of Section 1 

This section has positive bending (8.34 lcN.m), the compression flange form a T- 
section as shown in Fig. 

Since this is the secondary direction, d= 250 -30-15 =205 mm 

I B=500 mm I 
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Using the Cl-J curve 
d- 


F = C1, -— 

W 


205 


-ci& 

40x5 


10 6 

500 


0=10.04 


The point is outside the curve use c/d) m i„ 0.125 
c= 0 .125 x 205=25.5 mm 

a=0.8 x c = 20.6 mm <t s .o.k. 

use j=0.825 

M _ 8.34 xlO 6 


A, =- 


- = 123.3 mm 2 > A s , 


jxdx f~ 0.825 x 205 x 400 
use 2 <t> 10 (157 mm ! )Mb 

Se" °«?sub".. Z d io negative bending momen, (.0.42 kN.m). dins to rib will 
be designed as rectangular section 
b=1000 mm 




4 = 50 mm 


R-section 


e=400 mm 


M,=10.42 
kN.m 


b=100 mm 


Using R-co curve 

M 10.42 xlO 6 


R 


= 0.061 


f^bd 2 40xl00x205 2 
From the curve it can be determined that ro=0.075 

A — a) Isn-bxd = 0.075 -^-x 100x205 = 153 mm 2 >A S , 


fy 


400 


use ( 2 4> 10, 157 mm 2 )/rib 
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Rib reinforcement details in transverse direction 



S+cp 5: Design Of Projected beam (Bl) 

Assume that the projected beam has the cross section shown in figure. 

The self weight of the web of the beam equals =y c b t = 25 x 0.25x 0.75 = 4.68 kN/m' 
The weight of the flanged part of the beam is approximately taken into consideration 
when calculating the slab load transmitted to the beam 

The load distribution over the beams will be the same as regular solid slab and the load 
distribution factors of the beams will be used 


BsflQQa 


. i r~ 

7 f, 1 O <> 


i 

i 


"t-ir 1 - 148 


i 


a=0.75 and p=0.56 £ 

Load for bending 


i 

i 

1 


w ub = w u x a x spacing + 1.4 x o.w 

w ub =14.52 x 0.75 x 5.4 + 1.4 x 4.68= 65.37 kN/m' 


Load for shear 

w usb = w u x (3 x spacing + 1.4 x o.w 

w ush =14.52 x 0.56 x 5.4 + 1.4 x 4.68= 50.47 kN/m' 
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Step 5.1: Design for Flexure 


bending 

Loads 


Moment -24 
factors A - 


Bending 104.7 


Critical 

sections 


w tlb =65.4 kN/m' 



w m h=50.47 kN/m' 


0.60 0.60 


187.75 187.75 
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Design of Section 1 

This section is subjected to -ve moment, thus it is a rectangular section 
Assume concrete cover of 50 mm, d=700 mm 



Design of Section 2 

This section is subjected to a positive bending moment (228 43 kN-m),the 
compression flange form a T-section as shown in Fig., B-500+500-1000 mm 



b=250 mm 
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Photo 3.1 Reinforced concrete airplane hanger, Italy. 

3.1 Introduction 

A Paneled beams system is normally utilized when the dimensions of the floor are 
relatively large so that it becomes uneconomical to either use solid slabs, or hollow 
block slabs. In a paneled beams system, the floor is strengthened with a series of 
beams with equal depth spanning usually in two perpendicular directions. These 
beams divide the large floor into a number of small panels that can be easily designed 
as solid slabs as shown in Fig. 3.1. The spacing between the beams ranges normally 
from 2 to 4 meters. In this system, all beams are of the same depth and are supported 
directly either on columns or on edge beams. 
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Because the deflection is equal at the point of intersection for any two beams, the load 
transferred in the short direction is much larger than the long direction. This is because 
it takes more loads to deflect a short beam than it does for a long one. If the ratio of 
the long span to the short span (L l /L s ) exceeds 1.5, there is no structural advantage for 
using paneled beams system. Almost the entire load in this case is transferred in the 
short span, similar to the case of one-way slabs. 



Section 


Fig. 3.1 Layout of paneled beams floor 
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but the total load w = w a +w p 



txz^LTz^r, r -r 

2ch "“ i »- ™ s - -d >o catata *: 


Table 3.1 a , n d (] value, for paaeled beam slabs (Grashoff , Tal „ es) 
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The difference in magnitude between the part of the load transferred in the short beam 
and that in the long beam can be explained by considering the structure in Fig 3.3. For 
the same amount of deflection, it takes more force to displace a shorter beam than a 
longer one. If the two beams are of the same length, the load transferred in both 
directions will be the same (Pi=P 2 =P/2). The developed bending moment in each 
beam will be PL/8 instead of PL/4 in case of a simple beam(50% reduction), because 
each beam supports the other. However, if the long span is twice that of the short span, 
the long beam will provide little support to the short beam because the flexural 
stiffness is considerably low. A computer analysis reveals that the developed bending 
moment in the short beam is about (90%) of the simple beam moment with length 
L(P i=0.9 P) and the developed bending moment in the long direction is about 10% of 
the simple beam moment with length 2L. This explains the limitation imposed by the 
code concerning the ratio of the long span to the short span (Li/L 2 <1.5). At this ratio, 
about 75% percent of the load is transferred in the short direction (P)=0.75P). 



Fig. 3.3 Bending moment and load distribution for different paneled beams 
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3.3 Code Provisions 

Of 1 5 e am s Sh0Uld have * e same de P th WIth a maximum rectangularity ratio 

' =Sw=S?r=?=s;iS5 

with the actual behavior. d “ ° nS 38 th ® solutlon is compatible 






imiM® 



Triangular grids 


Quadruple grid 


Fig. 3.4 Types of paneled beams systems 
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3.4 Simplified Design Method 

In the simplified method, the paneled beams floor of dimension L l x L s behaves as 
two-way slab that has rectangularity ratio r=L L /L s . This two-way slab consists of a 
system of intersecting beams surrounding a number of two-way slabs of smaller 
dimensions. The design process consists of two steps namely 

1. Design of the small solid slabs to resist the loads directly transferred to them 

2. Design of the floor beams having dimensions Ll x L s as follows 

• Assume the dimensions of the beams 

• Calculate the design loads 

• Distribute the design loads 

• Design of paneled beams in both the short and long directions 

• Design of edge beams 

a-Beam dimensions 

The thickness of the paneled beams is usually assumed as a ratio form the short span 
as follows 

, = short span (L s ) n ^ 

12-16 . 1 ' 

Since the thickness (t) of the beams in both directions is the same, the reinforcement in 
the short direction is the main direction and the effective depth equals the beam 
thickness minus the cover as shown in Fig. 3.5. Reinforcement running in the long 
direction (secondary direction) is placed on the top of the main reinforcement and the 
effective depth equals the thickness minus the cover and the bar diameter of the main 
direction as shown in Fig. 3.5. 



=t - cover 

Fig. 3.5 Cross-section in paneled beams floor 
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b-Design loads 

The self-weight of the beams is assumed to be uniformly distributed over the floor. 
The average weight of the beams equals 

0 W I> x bx(t -t s )y~ xL r L +n i xL * (lcN/m 2 ) (3.8.A) 

4 x 4 

To obtttin the total loads of the system, beams self-weight is added to the slab self- 
weight, flooring, partitions, and live loads. 

w „ = 1.4x(ow„ +t s x /c + flooring + partitons ) +1.6 w u (kN/m 2 ) (3 8 B) 

where y c = 25 kN Im 1 

c-Distribution of design loads 

In the simplified method, a portion of the load transferred to the beams is determined 
according to the overall rectangularly ratio of the slab. The transferred load in the 
short direction is much higher than that transferred in the long direction and is 
determined using Table 3.1. 

4 

r = —±- 
4 


w = w„ x a 


'V 


= w„x/? 


d-Design of paneled beams 

be3mS ‘ S Can " ied ° Ut Similar t0 * at of re S ular beams. However, 
■ • d ‘ , t b “ tl0n °/ the “is is obtained by assuming that the deflection of the slab 
is m the form of a sin curve. The bending moments developed in each beam is the 
ratio between the deflection at this location to the deflection at mid span. 

For example if we have the paneled beams slab shown in Fig. 3.6 with four beams 

SonedhI d- direCti ° n ? ld thrCe b6amS mnning in the lon 8 direction/the 
developed bending moment equals 


r 4 2 

8i =M'„xa-f-sin(6' 1 ) 

8 


M 

„ 4 2 


83 =w„x/?-i_sin((93) 

O 

M, 


82 = W ,X« 


8 


- sin(0 2 ) 


2 

m ba = K x/3-^-xl.O 

e-Design of edge beams 

SL? Ck ^ SS ? ft 5 e , edgebeams iS USUally equal to or S reatcr than that of the paneled 
beams. The load distnbution on edge beams is affected greatly by the support 

sunned H u S S 7 P< f ed ° n the Comers onl y> the overall slab is considered 
u directly on the edge beam as shown in Fig. 3.7. A . On the other hand, if the 

paneled beams rest directly on supports, the reaction of the beams is carried directly 

the , o e a rr *! S , CaSe ’ the load on the ed 8 e beam can be estimated as one half 
the load of the parallel beams as shown in Fig. 3.7. 
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A-no intermediate columns 


B-paneled beams that are not rested 
directly on columns 


C-paneled beams are rested directly 
on intermediate columns 
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Fig. 3.7 Effect of column location on load distribution of edge beams 


Photo 3.3 Ethical Society -entry hall- Missouri-USA 
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3.5 Design off Skew Paneled Beams 

The Egyptian code allows the use of paneled beams that are not perpendicular to each 
other or that are not parallel to the hall (skew grid). The simplified method discussed 
in the previous section can not be used in designing skew girds. Structural analysis 
programs can be used to compute the bending moment and shear developed in the 
skew system m this case. Alternatively, for a relatively small number of beams hand 
calculations can be carried out using equilibrium of forces and compatibility of 
deflections For example, for the square hall shown in Fig. 3.8, the beams are 
perpendicular to each other but are not parallel to the hall directions. Due to 
,^™ et . ry l the ProWem has only 4 unknowns, which is the percent of loading 

fhet H f m r Ch / lre f ° n (P11 ’ P12 ’ P31 > P32 )- ^ points 2 and 4 due to symmetry 
the load transferred m the two directions is the same (i.e. 50%, P/2). The load acting at 
each intersection (joint) can be approximated by 

P=w„xaxb 


1S dl , V ' ded between each two perpendicular beams. For example, at point 1 
and 3, the equilibrium equation is v H 

P=P u +P n (point 1 ) 

P=P 3l +P 22 (point3) 

The deflection at any point can be easily obtained using the principle of superposition 
The compatibility of deflection at point 1 and 3 gives 

A, (beam B3)=A, (beamBl) ( pointl ) 

A 3 (beam B3)=A 3 (beam B2) ( poin t 3 ) 

Solving this set of equations gives the loads and bending moment at each beam. 



Fig. 3.8 Structural analysis of skew paneled beams 
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Example 3.1 

For the hall shown in figure, it is required to design rectangular paneled beams system 
to cover the roof, knowing that 

/ cu =30 N/mm 2 

/ y =400 N/mm 2 

Loads due to flooring=2.0 kN/m 2 
Live loads=3.0 kN/m 2 



Solution L 

Step 1: Roof layout 

The Hall is divided into small slabs spanning between (3-4 m in each direction). 
Assuming three beams spanning in the longitudinal direction (four spacing) and four 
beams spanning in the shorter direction (five spacing) gives 

C. = — = 3.25 m and C, = — = 3.40ra 
4 2 5 




13.0 m 



M 


■ 

© 

[<§} 


■ 

1 

■ 


■ 

■ 

■ 


■ 

■ 

H 
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Step 2: Design of solid slabs 

Since the slab is relatively small (3.4 x 3.25), assume t s =100 mm 
w us =1.4 &+1.6 Ps =1.4 (y s x t, + flooring)+1.6 x live loads 

=1.4x(25x0.10 + 2) + 1.6x3 = ll.U^/m 2 

The slab load distribution factors are determined using table (6-1) in the code. 

w a=w U8 x a = (11.1) a 

wp=w us xp = (ll.l)p 

The rectangularly ratio r is given by 


where m equals 1, 0.87, and 0.76 for simple, continuous from one end and continuous 
from both ends respectively 


The following table summarizes the results 


Slab 

L x 

m x 

Ly 

m y 

r 

a 

P 

w<* 

w p 

SI 

3.25 

0.87 

3.4 

0.87 

1.046 

0.37 

0.32 

4.141 

3.550 

S2 

3.25 

0.76 

3.4 

0.87 

1.198 

""'<145 ~ 

0.24 

4.982 

2.709 

S3 

3.25 

0.87 

3.4 

0.76 

1.094 

0.40 

0.29 

4.408 

3.245 

S4 

3.25 

0.76 

3.4 

0.76 

1.046 

0.37 

0.32 

4.141 

3.550 


The bending moment for each slab is taken according to code coefficients given in 
figure below 


l (main direction) 

1 (secondary direction) 


= t s -15 mm=85 mm 
; t s -25mm=75 mm 


For high grade steel the minimum area of steel equals 

A smia =— bxd= — x 1000x85 = 127.5 mm 2 
smm f y 400 

The following table summarizes the results of the bending moment in x direction and 
y-directions 

X-Direction 


Slab 

L x 

(m) 

w x 

kN/m’ 

Mx 

kN.m 

d 

(mm) 

R 

(0 

As 

mm 2 /m' 

As 

chosen 

As 

chosen 

SI 

3.25 

4.141 

4.374 

85 

0.0202 

0.024 

151.4 

5<t>8/m' 

251.3 

S2 

3.25 

_ 

4.982 

4.385 

85 

0.0202 

0.024 

151.8 

5<t»8/m' 

251.3 

S3 

3.25 

3.245 

3.427 

75 

0.0203 

0.024 

134.5 

5<J>8/m' 

251.3 

S4 

_ 

3.25 

4.141 

3.645 

. 

85 

0.0168 

0.020 

llggll 

5<D8/m' 

251.3 




* the minimum reinforcement controls the design 

Step 3: Design of the paneled beams roof 
Step 3.1: Assume concrete dimensions 

Assume that the depth of the beams is shorter span/14 

t =13.0/14 = 0.93 m TTake t=950 mm and b=300 mm 
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Step 3.2: Calculate design loads 

The self-weight of the beams is averaged over the slab using 


ow b =y c xbx(t-t s )x 


xl, + n 2 xL 2 


300 (950-100) 3x17 + 4x13 . „ ... . a 

= 25 x-x-i-— x-= 2.97 kN/m 


1000 1000 


17x13 


w u = \Axo.w of beams (kN / m 2 )+ w us ( kN/m 2 ) 
w u =1.4x2.97 + 11.1 = 15.2 6kN/m 2 

Step 3.3: Distribution of the design loads 

To determine the distribution of the load in both directions, use the total size of the 
hall not the individual slab dimension 

r= Lo M n = 17 =13()7<15 ok 
Short span 13 

From Table 3.1, it can be determined that 
a=0.746 and (3=0.253, thus 

w a =0.746 x 15.26 =11.39 kN/m 2 , this load is for beams in the short direction (13m) 
wp=0.253 x 15.26 =3.87 kN/m 2 , this load is for beams in the long direction (17m) 





6 = 45gigo 9=45 
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Step 3.4: Design of paneled beams 

Step 3.4.1: Design of beam B1 (short direction) 

Design beam B1 for flexure . 

Since beam B1 is spanning in the short direction, the load considered for design is w a 

The compatibility angle 9 equals the ratio of its distance relative to the centerline of 

the hall, thus 

# = —x90 = 72° 

8.5 

w ub — W a x spacing x sin 0 

Wub = 1 1.39 x 3.4 xsin(72) =36.83kA//m' 


Wul ,* 12 


36.83 xl3 2 


= 778 kN .m 


bending 

Loads 


Wub=^6.82 kN/m' 
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Section 1 

This section has positive bending (778 kN.m), the compression flange form a T- 
section. The effective width equals 


16 t s +b = 16x100 + 300 = 1900 mm 
B = smaller of ■■— +b _ 13 000 + ^qq _ 2900 mm 

CLtoCL =3400 mm 

B=1900 mm 


Using the Cl-J curve 



900 = C1. 


778 xlO 6 
30x1900 


Cl=7.7 


The point is outside the curve use c/d) m j n =0.125 

c=0.125 x 900=112.5 mm 

a=0.8 x 112.5 = 90 mm <t s .o k. 


use j=0.825 


778 xlO 6 


jxdxf 0.825x900x400 


= 2616 mm‘ 


0^25^ 0225^30 


4 jmin = smaller of ■ 


x300x900 = 832 mm 1 J <A, o.k 


1.3 A, = 1.3x2616 = 3401mm J 


use (4<D22+4<f>20, A s =2111 mm 2 ) 

A s '=(0.1 -0.2) A s choose (3016, 603 mm 2 ) 

Section 2 

w b xL 2 36.83xl3 2 „. n _. , 

M = —-=-= 259.34 kN .m 

24 24 

R =—^-j= 259 - 34x1 ° 6 2 =0.0355 
f^bd 2 30x300x900 2 

From the curve it can be determined that co=0.043 
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a = 0.043—-—x300 x 900 — 870mm ^A^min 

f 400 

J y 

use (4 O 20, 1256 mm 2 ) 

Design Beam B1 for Shear 

The critical section for shear is ‘at d/2 from the face of the support. Assuming that 
column width (c) is 500 mm 


w ,xi ,d c, 36.83x13 £ 

n = Zj£ - w ,.(—+—) =-36.83 

2 uh\ 2 2 


a = -6g_ = . 2136xlQ ? - = 0.791 N/mm 2 
bxd 300x900 

The concrete shear strength is given by 


= 0.24, — =0.24 .-=1.07 N/mm 


0.90 0.50 
2 + 2 


= 213.6 kN 


Since q u <q cu the beam is considered safe, provide minimum area of stirrups 
Assuming spacing of 200 mm and using mild steel_/J,—240 N/mm 

A . =—bxs =—x300 x 200 = 100 mm 2 

f~ 240 

Assuming 2 branches, the area of one branch equals 
4 =Y = 50mm ! choose <|>8 (50 mm 2 ) 


Use 5<|>8/m' 

Step 3.4.2: Design of Beam B3 (longitudinal) 

Design Beam B3 for flexure 

Since this beam spanning in the long direction, the load considered is w p (3.87 kN/m ). 
The compatibility angle 0 equals the ratio of the its distance relative to the distance of 
centerline of the hall, thus 

9= — x 90 = 90° 

6.5 

w = w „ xspacing x sin0=3.87 x 3.25xsin(90) = 12.58 A Im 
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bending 

Loads 


w ub =l2.58 kN/rn' 


Moment 

factors 


Bending 

moment 



454.45 


Critical 

sections. 



Beam B3 


Section 1 

.. w ub xL 2 12.58xl7 2 

A/„ = ——-=-= 454.45 kN .m 

" 8 8 

This section has positive bending (454.45 kN.m), the compression flange form a T- 
section. 

16 t,+b =16x100 + 300 = 1900 mm J 
B = smaller of ■ ~ + b _ 17xJ000 + 30 © _ 3700 mm 
CLtoCL = 3250 mm 

B=1900mm 

Because the steel in the longitudinal direction is placed on top of the steel in the short 
direction, the depth is less than the transverse direction by approximately 50 mm. 

d= 850 mm 

% 

Using the Cl-J curve 
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850 


~ Cl \' 


454.45 xlO 6 


•>0=9.52 


30x1900 

The point is outside the curve use c/d) mi „=0.125 
c=0.125 x 850=106.25 mm 

a=0.8 x 106.25 = 85 mm <t s .o.k. 

M 


use j=0.825 


A. = 


454.45x10 =162 o mm 2 


5 jxdxf 0.825x850x400 


A, m - ln = smaller of 


0.225 JfZ td _ 0-225^/30 x300x850 = 786 mm 2 J<A S o.k 
f 400 

1.3^ =1.3x1620 = 2106mm 2 


use (5022,1900 mm 2 ) 
A s '=(0.1-0.2) A s 


choose (2016,400 mm ) 


Section 2 

w„, x £ 2 12.58xl7 2 


=- 


24 




24 

151.5 xlO 6 


= 151.5 kN.m 

■■ 0.0233 


f cu bd 2 30x300x850 2 
From the curve it can be determined that ©=0.028 

A =a^ SL bxd= 0.028—x300x850 = 535 mm 2 
s f 400 

J y 


A, - = smaller of 

s min J 


0.225 ^; ^ ^ 0.225 730 

x 300x850 = 786 mm 2 

f 400 

1 . 3,4 = 1 . 3 x 535 = 696mm 2 J > A s (check 0.15/100 b d) 


But not less them ^ ^ - x 300 x 850 — 382.5 mm 
100 

Use A s , min (696 mm 2 )->-+use (2 O 22, 760 mm 2 ) 


Design of Beam B3 for Shear 

Since beam B1 (which have more load than beam B3) requires minimum stirrups for 
shear, provide minimum stirrups as well for beam B 3 ( 5 <t> 8 /m ) 
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Step 3.4.3:.Design of Beam 

B2 and B4 

Item 

Beam B2 

short direction 

Beam B4 

long direction 

w u 

11.39 

3.87 

spacing (m) 

3.40 

3.25 

0 

36 

45 

w ub =w u x spacing x sin (0) kN/m' 

22.76 

8.89 

span (m) 

13 

17 

M u =w ub L 2 /8 (kN.m) 

480.86 

321.48 

B (mm) 

1900 

1900 

Cl 

9.8 

11.3 

c/d (=c/d min ) 

0.125 

0.125 

a (mm) 

90 <t s 

85 <t. 

J 

0.825 

0.825 

d (mm) 

900 

850 

A s (mm 2 ) 

1616 

1144 

No of bars 

5022 

6016 

Shear design 

5<j)8/m' 

5<j>8/m' 


Step 4: Design of edge beams 
Step 4.1: Design of edge beam B5 

The load distribution on the supporting beams is shown in figure below. 



The load on each bean, will be caleul.ted using the area method beeanse the load is 

—■— ,h “ 

try a beam cross section (250 x 950 mm) 

Ultimate beam self weight =1.4 y c b t 

w = 1 4 x 25 x 0.25x0.95 = 8.31 kN/m' 

area of the triangular _, ^ = 49.6 kN / m' 

W r u — X-* ‘ 6 5 

M “ span 

Sinee ihe bean, has an .,ua, loads and spans, rhe code coeffieiems (or con,muons 

beam with two spans can be used 

Design of beam B5 for flexure 
Section 1 

,, w ui> xL2 57.9 x 6.5 _ 271 9.A IrN.m 
^ n 



Ultimate 

load 


w ul =57.9 kN/m' 


Moment 

factors 


Bending 

moment 



Critical 

sections 
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Since this section is subjected to negative bending, it will be designed as rectangular 
section 

271 -84*1_0 6 2 =0,0447 

f ctl bd 30x250x900 2 

From the curve it can be determined that ©=0.054 

f IQ 

A=co^-bxd = 0.054 — x250x900 = 916 mm 1 >A smi „ 
f, 400 

use (5 0 16, 1005 nun 2 ) 

Section 2 

M = W = 57 - 9x6 - 52 = 222.4 kN.m 
“ 11 11 


This section has positive bending (222.4 kN.m), the compression flange form a In¬ 
sertion. 

6t s +b =6x100 + 250 = 850 mm 

n „ r L 1 , 0.8x6.5x1000 nnn 

B = smaller of { — -vb =-+ 250 = 770 mm J 

10 10 
CL toCL =1700 mm 

B=770 mm 
Using the Cl-J curve 



900 = Cl. 


222.4 xlQ 6 
30x770 


0=9.17 


The point is outside the curve use c/d) nl j„=0.125 
c=0.125 x 900=112.5 mm 

a=0.8 x 112.5 = 90 mm <tj.o.k. 

usej=0.825 


M u 222.4 xlQ 6 

jxdxf 0.825 x900x400 


■ = 748 mm 2 


A- = smaller of 


use (4016, 804 mm 2 ) 


0.225 >/30 


X250x900 = 693mm 2 J<4 e ok 


1.34 =1.3x748= 972.4mm 2 


J 
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Design of Beam B5 for shear 

The critical section for shear is at d/2 from the face of the support. Assuming that 
column width (c) is 250 mm 


ultimate 

Loads 


w„/,=57.9 kN/m' 


150.5 section 



t "4225.8 


d/ 2 +c /2 


a = 0 . 6 x Wu „xL-w„ ( ,(| + |) = 225.8-57.9^+^] = 192.5^ 

__2»_ _ 192,5x1000 _ 0 g 56 pj , mm 2 
bxd 250x900 

The concrete shear strength is given by 


q =0.24 ,p£s-=0.24 J— = 1.07 NI mm 2 
V 1.5 V 1.5 

Since q u <q cu the beam is considered safe, provide minimum area of stirrups 
Assuming spacing of 200 mm and using mild steel f y —240 N/mm 2 

A . 250x200 = 83.33 mm 2 

s'. mm , 240 

J y 

Assuming 2 branches, the area of one branch equals 


• , 83.33 2 

A,,,= -= 41.67 mm 


choose <j )8 (50 mm 2 ), Choose 5 <j> 8 /m' 









Step 4.2 Design of Beam B6 

w 0H , =1.4x25x0.25x0.95 = 8.31 kN/m' 

The weight of the slab will be divided in two parts 

i*. = «, v yea of the triangular(A ,) 0.5 x 5.67 x 5.67 

1 " ---= 15.26x-= 43 26 kN/m' 

span 5.67 hj.zo «v / m 

w u /=w,+w ow =43.26 + 8.31=51.5 kN/m' 


-1 < o/;.. 4-01 x 6.5 + 2 x 0.5(5.67 + 6.5) x 0.83 


% = w u x-= 15.26 X 

span 


5.67 


= 97.32 kN/m' 


Wu 2 =w 2 +w ow = 97.33 + 8.31=105.64 kN/m' 


Since the beam is equal in spans but the load magnitude differs by more than 20%, 
code coefficient c an not be used. For simplicity, pattern loading was not considered. 

Using three moment equations to solve the indeterminate beam, applying the equation 
at b 

M a L, +2 M b (L,+L 2 ) + M c L 2 =-6(R ba +R bc ) 

The elastic reaction R ab and R bc equals 


R ~ — 

A ah — 


xZ, 3 _ 51.5x5.67 3 
24 24 

w« 2 x T 3 105.6x5.67 3 


= 391.15 kN.m 2 


= 802 kN.m 2 


24 24 

From symmetry M,,=M C and Ma=0, substituting in the moment equation gives 
0+ 2 Mb (5.67+5.67) + M b (5.67)= -6 (391.15+802) 

M b = - 252.4 kN.m 


M(+ve)span(ab) =^^Zl_^i = 80 7 kNm 
M(+ve)span (be) = — ■ 6 * 5-67 — 252.4 = 171.9 kN.m 

O 
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A, 5 f *£ A ? , 5 - 67 


ultimate 


__ 4.01 _ 

- 5.67 - 

w tl ;=105.6 kN/m' 



n 

n 

r—j 

n 

rn 

rr 

n 

n 

Wut-JJ.J Ki\/m 

i i h t t ir 

U 

LJ 

U 

LJ 

LJ 

LJ 

U 

U 

3nmxi 


Bending 

moments 



Critical 

sections 



Design of beam B6 for flexure 
Section 1 

M„=252.4 kN.m (rectangular section) 


R = ——-y = 0. 0415 
f cu bd 2 30x250x900 2 


From the curve it can be determined that co=0.050 


f 30 

A, =co—bxd =0.05——x250x900 = 843.75 mm 2 
f 400 


A s min = smaller of ( 400 


0.225^30 


x250x900 = 693 mm 2 J<A, ok 


1.3 A, = 1.3 x 843 = 1095 mm 2 


use (2 16+2 <D 18, 911 mm 2 ) 
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Section 2 

This section has positive bending (171.9 kN.tn), the compression flange forms In¬ 


sertion. 


1 6t s+b =6x100 + 250 = 850 mm 


i = , °I ^67x 1000 t25( ,, W9 „ m J 

CL toCL =1700 mm 


B-646.9 mm 


Using the Cl-J curve 



900 = Cl. 


) 171.9x1Q 6 
I 30x646.9 


Cl=9.56 


The point is outside the curve use c/d) mi „=0.125 

c=0.125x 900=112.5 mm 

a=0.8 x 1 12.5 = 90 mm <t s .o.k. 

use j=0.825 

4 s= M u 171,9x10* 2 

jxdxf y 0.825 X 900 X 400 _ 578 mm 


0.225^30 


A ,m in = Smaller of ■ 


x 250 x 900 = 693 mm 2 J 


400 " ' - 

1-3 A s =1.3x578 = 752 mm 2 


A * < As.mj,, use As im j n (693 mm 2 ) 


use (2 CD 16+2 <t> 18, A^ll mm 2 ) 


97 


Design of Beam B6 for shear 

Since the loading on the beam is not equal on all spans, code shear coefficients can not 
be used. The maximum shear is at section middle span (be) thus, the maximum shear 
can be obtained from the structural analysis of the beam. 


w„j=/ 05.6 kN/m '.. 



Shear 

diagram 


299.3 ! critical section 



The critical section for shear is at d/2 from the face of the support(b). Assuming that 
column width (c) is 250 mm 


= 238.6 kN 


. D Ac. 105.6x5.67 lnc ,f 0.9 0.25') 

£,=*/.- w „„(y+ 2) =-J-105.61—+—1 = 238.6 k/7 

238.6x1000 ...... 2 

q„ = -=*- =-- = 1.06 NImm 

“ bxd 250x900 

concrete shear strength is given by 

q c = 0.24 = 0.24 J— = 1.07 7/ / mm 2 

V 1-5 V 1-5 

Since q u <q cu the beam is considered safe, provide minimum area of stirrups 
Assuming spacing of 200 mm and using mild steel ^=240 N/ran 2 

A . ro : =—Z?xs= — x 250x200 = 83.33 mm 2 
' / 240 


Choose 5 <j> 8 /m' 
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Beam B5 

5016(2016+2018) 



Sec 1 Sec 2 

Sections in beams B5 and (B6) 


Ci) ( 2 ) 



Beam B6 


Reinforcement details for beams B5 and B6 



FLAT SLABS 



Photo 4.1 Fiat slab system 


4.1 Introduction 

Flat plates are one of the most commonly used structural systems in residential 
buildings hotels, commercial buildings, hospitals and office buildings, a p a 
solid concrete sbbs of uniform thickness that transfer the load directly to Ae col s 
without the presence of projected beams, drop panels or column capitals as shown 
Fig. 4.1 .A. The ease of construction is one of the important aspects that mate ftadab 
systems a very attractive solution. Architects prefer this system because the flexibility 
in the arrangement of columns and partitions with no obstruction of 1 JV" “ n ’ 
the absence of sharp comers gives greater fire resistance, as there is less danger of the 
concrete spalling and exposure of the reinforcement. 
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The major concern when using flat plates is shear transfer from the slab to the 
columns. In other words, there is a danger that columns may punch through the slab. 
Therefore, if live loads exceed 3 kN/m 2 , it is advisable to use drop panels at the 
column locations as shown in Fig. 4.I.B. The use of the drop panels increases the 
negative flexural capacity at locations of high negative bending and reduces the risk of 
shear failure. Moreover, if the live loads exceed 6 kN/m 2 , it is recommend to use 
column heads as shown in Fig 4.I.C. In case of excessively heavy live loads (>10 
kN/m 2 ) such as in the case of industrial buildings and warehouses, the use of drop 
panels together with column heads is necessary as shown in Fig. 4.I.D. 



Fig. 4.1 Types of flat slabs 



The use of drop panels and column heads is more acceptable in parking garages, 
storage buildings, and Similar structures. 
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4.2 Statical Equilibrium of Flat Slabs 

The floor shown in Fig. 4.2 consists of individual concrete strips that form a slab- The 
So beams support the concrete strips at their edges. Assume that the total load of the 
S SZg sdf-weigh, equals w u (kN ,m\ The mom„, per meter a, ™d-spa„ 

(section A-A) equals 

M * L i ..(4.D 

8 

The total moment in X-direction for the entire slab equals 

M _ (w„xl,)xl 2 2 ...(4.2) 


m a . a =- 


The reaction of the slab per meter is 


w xfr, 
R = " - — 
2 


The moment at mid span of the beam in Y-direction is 


The total moment for both beams equals 


_ (w„ xZ- 2 )xZ,| .( 4 . 5 ) 

8 



Fig. 4.2 Analysis of individual concrete strips supported on beams 
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It is clear that the lull load transferred by the concrete strips causes a moment in the 
X-direction of the slab and the full load is transferred again by the beams causing 
bending moment in Y-direction. This system of transferring the load is similar to a flat 
slab system supported on four columns. The total moment in X-direction equals 


K x£,)xL* 

8 

and the total moment in Y-direction equals 


(4.6) 


**' .(4.7) 

It can be concluded that whether the structural system is slab-beam system or flat 
slabs as shown in Fig.4.3, the load is transferred in both directions. By comparing 
Equations 4.6 and 4.7, it can be noticed that the largest moment develops in the longer 
span direction. 



Fig. 4.3 Analysis of a flat plate system 


4.3 Minimum Dimensions According to ECP 203 

The Egyptian code requires certain minimum dimensions for different elements of the 
flat slab system. These minimum requirements are summarized in Fig. 4.4. 
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Slab Thickness(t s ) 

1 

) 

t s the bigger of- 


150 mm 


■»-" H 32 without drop 

£/36 with drop 
where L is tire longer span 

Drop thickness (td) 


Drop width (S) 


^ under consideration 


Z ,,(smaller span) 
~ 2 

Column width (b) 


IT t 

td t s +td 


-Tbp 

-S- 


i - 1 under consideration 


b the bigger of-j — (H —floor height ) 


[300 mm' 

* The width of the column may be taken equal to 250 mm provided that detailed 
column moment transfer calculations were performed 

Column head width (D) u _ n _^ 


L, 


Column Strip width (C s ) 

( T 

±2. without drop 

2 

C, 

Drop width (S) with drop 

. k 

Field Strip width (F s ) 

17—1 —C 

* s — under consideration s 

• Marginal beam thickness (t) 
t>3tj 


y '<45° 

-ibh- 


1 


r :_^ 


. 

1 


Fig. 4.4 Minimum flat slab dimensions according to ECP 203 
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Marginal beam Exterior column 



Exterior span lnterior 

span 

Flat slab without drop panel 



Exterior span Interior span 

Flat slab with drop panel 


Fig. 4.4 Minimum flat slab dimensions (cont.) 
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Column strip! 


4.4 Analysis of Flat Slabs 

Flat Slabs may be analyzed and designed by any method that ensures that all the 
strength and serviceability requirements of the ECP 203 are satisfied. When slabs are 
supported on a rectangular grid of columns, the code offers two simplified methods 
for analyzing the flat slab system. The first method is the direct design method and the 
second one is the equivalent frame method. These two methods, which are mentioned 
in section 6-2-5-3 of the ECP 203, will be discussed in detail in the following sections. 
In addition, if the slabs have unusual geometric configurations or the columns are 
spaced irregularly, neither of the code methods becomes applicable. For these special 
cases, the designer may analyze the floor by using finite element analysis (computer 
model), in which the slab is divided into small finite elements connected by nodes. 
The stiffness matrix of each element is computed and the global stiffness matrix is 
constructed. Having determined the deformation at each node, the element internal 
forces can be evaluated (refer to Section 4.10 of this text). 

4.5 Direct Design Method 

4.5.1 Limitation of the direct method 

To ensure that the moments at the critical sections are adequate, the ECP 203 requires 
that the following design conditions be satisfied: 

1. A minimum of three continuous spans in each direction. 

2. The ratio of the longer to the shorter span within a panel should not exceed 1.3 

3. Successive span lengths in each direction should not differ by more than 10% 

4. Non-Successive span lengths in each direction should not differ by more than 20% 

4.5.2 Definition of column strip and field strip 

The distribution of moment varies continuously across the width of the slab panel. To 
simplify the steel arrangement, the design moments are averaged over the width of the 
column strip. 

The column strip width should be taken as l A the short direction for flat slabs without 
drop panels. In the case of flat slab with drop panel, the column strip width equals the 
drop width. The width of the field strip equals the difference between span length and 
column strip width as shown in Fig. 4.5. 

4.5.3 Calculation of slab load 

The calculation of the slab load is carried out in a similar manner like solid slabs. 
However, since the brick walls are often distributed over the plan, an average wall 
load w w is added to the design loads as follows: 

w _ Kxh w xJ^b w xwall length ^ g ^ 

areaof the floor 
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The ultimate loads for flat slabs without drop is 

w„ = 1.4x(r s x y c +w floming + W J + l.6xw LL .(4. 8 .b) 

In case of flat slabs with drop, the drop weight is considered by averaging the area of 
the drop over the total area of the slab then multiplying by concrete weight as follows 

S. xS 2 

n, — 1/ s/* v_!_ L (A rvx 




i, xL l 


The ultimate loads for flat slabs with drop is 


=1.4x(f, xy c +w. +w floori +vv w ) + 1.6xw 


(y c = 25 kN / m 3 and t s in meters) 


A. Flat slab without drop 


flong direction!' 


L 2 /2 field strip=L r Lj/2 L 2 /2 


Si=column strip width in the short direction. 
S 2 =column strip width in the long direction. 
td= drop thickness 



B. Flat slab with drop 




-drop panel 


< 1 j I 

i ■ L, (lone direction! i 


Field strip=Li- Si 



Fig. 4.5 Definition of column and field strips 
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4.5.4 Statical Moment M„ 

The direct design method is an empirical procedure for establishing the design 
«“a. Vertical sections. I. is well known that the sun, of the negattve rnomem 
ole supporn and positive moment a, tnidspan of a uniformly loaded beam ts wj. /«. 
Accordingly, for a Uniformly loaded slab with width L,, and span L„ the total stat.cal 

moment M 0 equals 

.. w„xi,xL 3 ' . f4.11) 

M o =-g . 

To account for the effect of supports on the value of the bending moment, the code 
gives the following equation for M 0 calculations 


w xi, ( T IxD 
M =- “ — xU-r-; 


(long direction).(4.12) 


w xi, ( r 2 xD 


(short direction) .(4.13) 


where D is the smallest distance at the intersection between flu= colunrnl andl the slab ff 
a suoDorting element does not have a rectangular cross section or if the sides of 
rectangle are not parallel to the span, it is to be treated as a square support having 

ItetoTaTsteticmtmS M^dthded into a negative moment at the support M c and a 
positive moment at midspan M s as follows 

m c +m s . .( 4 - 14 ) 


Both M c and M s shall be distributed again between column and filed strips as 
described in section 4.5.5. 


j-,— D 








Fig. 4.6 Definition of D for different flat slab systems 
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4.5.5 Distribution of the Statical Moment 

To simplify the analysis of flat slab floors, many design codes, including the ECP- 
203, approximate the actual distribution of the transverse moments by two regions of 
constant moment. The center strip, where the moment is the smallest, is called the 
field strip or middle strip, and the strip in the column zones, where the moment is the 
largest, is called the column strip. 

The distribution of the moments between column strip and field strip can be 
explained by examining Fig. 4.7. Beam A represents the column strip while beams B 
and C represent the field strip. Since beam A is rested directly on columns, beams B is 
supported on beam A. If all of the beams are subjected to uniform load w, the 
developed bending moment in beam A is larger than that in beam B. This is because 
beam A carries the same uniform load w in addition to the reaction wL/2 from Beam 
B. For an actual flat slab, the ratio of column strip moment to field strip moment is 
variable and depends on the rectangularify ratio and the flexural stiffness of the 
exterior beams (if any) along the building perimeter. 



Fig. 4.7 Representation of column and field strips 


The total statical moment M a is divided into positive and negative moments according 
to the rules given in ECP-203 sec. 6-2-5-5. In the interior spans, 60% of M 0 is 
distributed to the negative moment region and 40% to the positive moment region as 
shown in Fig.; 4.8. This is approximately the case for a beam fixed from both ends and 
uniformly loaded where the negative moment is (wL 2 /12) 67% and the positive 
moment is ( wL 2 /24) 33% of the total moment of wL 2 /8. 


Ill 


The distribution of the negative moment between J 

- shown in Fig - 

In the case of floors that differ in spans (within negative moment 

SIS carried a^g 4.9 give the distribution of between 

column and field strip according to the Egyptian Code. 




Field strip 


\ Column strip 


Interior panel 


Column strip 
No marginal beam 


Field strip 
No marginal beam 


Column strip 
With marginal beam 


Field strip 

With marginal beam 


Fig. 4.8 Distribution of M 0 between column and field strip 
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Table 4.1 Distribution of M 0 between column and field strip 


Exterior bay 


(internal) 


50 


Strip type Marginal 
beam 


Column no beam 
strip with 
beam* 


Field no beam 

strip with 

beam* 


* the depth of the marginal beam should be at least =3 ts 

,—► Column strip -ve moment = 45% 



Interior bay 

-ve moment 

+ve moment 

45 

25 

15 

15 



Negative moment 
(60%) 


Positive moment 
(40%) 


Field strip-ve moment = 15% 

Column strip +ve moment =25% 


Field strip +ve moment = 15% 

A: Moment distribution in interior panels (with or without marginal beam) 


Negative moment 
(50%) 


Positive moment 
(50%) 


Column strip -ve moment = (20%+50%)/2=35% 

Field strip -ve moment = (10%+20%)/2=15% 

Column strip +ve moment =30% 


*■ Field strip +ve moment = 20% 

B: Moment distribution in exterior panels with marginal beam 
Fig. 4.9 Distribution Moment in flat slabs using the direct design method 
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4.5.6 Moment Correction 

The distribution of M a between the field strip and the column strip, as proposed by 
ECP 203, is based on the assumption that the widths of the column stop and the fie d 
strip are as shown in Fig.4.10a. If the field strip width is different from the ideal 
length as shown in Fig. 4.10b, a correction needs to be made. The moment in the field 
strip 1 needs to be increased by multiplying their original value by the correction factor 
given in Table 4.2. In addition, the moment in the column stop is reduced so that the 
total bending is the same in either case as shown by the following equations. 

Actual width of FS. MIS) 


M FS.I[corrected) ^ F.S (idea!) X J^ ea [ W i(lth of FS. 


' C £ .(corrected ) 


[ F £ .(corrected ) 


where the actual width and ideal length are given in table 4.2 

Table 4.2 Actual width and ideal length in field strip. 



Fig. 4.10 Moment correction for field strip in flat slabs with drop panels 
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4.5.7 Provision for Pattern Loading 

If the slab is subjected to heavy live loads, negative moments shall form at midspan in 
addition to the positive bending moments. If the live load (p) is greater than 1.5 the 
dead loads (g), the negative bending in column strip in L, direction can be estimated 
as follows 



(4.17) 


and negative moment in the field strip in L, direction is 



(4.18) 


where 

L, = span in direction 1 (refer to Fig. 4.5) 

L 2 = span in direction 2 

D = width of the column at slab intersection (refer to fig. 4.6) 
p = uniform live loads 
g = uniform dead loads 

4.5.8 Design Steps According to the Direct Design Method 

The steps necessary to perform the designs are briefly summarized as follows: 

1- Choose the appropriate flat slab system according to the intensity of the live 
load and the architectural requirements. 

2 - Estimate the slab thickness according to code requirements 

3- Calculate the total static moment to be resisted in the two directions. 

4- Distribute the static moment between column strip and field strip. 

5- Divide the resulting moments by strip width to obtain the moment per meter. 

6 - Design the sections to select the reinforcement. 

7- Design the slab for punching shear. 

Examples 1 and 2 illustrate the use of this method as applied to flat slabs with and 
without drop panels. If the slab thickness is greater than 160 mm, an upper 
reinforcement mesh should be provided to satisfy temperature and cracking 
requirements by the code. 
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4.6 Reinforcement of Flat Slabs 
4.6.1 General 

Minimum bar extension requirements are given in Fig. 4.11 and Fig. 4-12. hi addition 
to ensure the integrity of the flat slab floors, it is recommended that at east two 
bottom bars in the column strip should run through the core of the column. Th 
minimum area of steel is given by 


xbxd (for all types of steel) 


Photo 4.2 Menara Telekom, Kuala Lumpur, 310 meters, 55 stories, 2001 
25th tallest building in the world 
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Without drop panel 



Bar length from the face of the support 

) Min length \ 

| Max length | 

Symbol 

b 

C 

d 

e 

f 

g 

Length 

0.20Ln 

0.22Ln 

0.30Ln 

0.33Ln 

0.20Ln 

0.24Ln 


B : Bottom reinforcement 
T : Top reinforcement 
L: Center line distance 
Ln .'Clear distance 



Fig.4-1 lb Reinforcement layout of flat slabs using bent bars 
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4.6.2 Column Head Reinforcement 

Column heads should be reinforced 

Fig. 4.13. Closed should be designed to n. 

column head in place. Column eauivalent frame analysis or bending 

flexural moments resulting from eith q . less than 4 o /o 0 f the column 

transferred to columns. This rein lied by perpendicular span, hi the 

s --“"V s ,h ' sum ° f ,he ,wo <iir “ ,i ” s 

and should be uniformly distributed along the perimeter. 


stirrups 



span length —Li 


Fig. 4.13 Reinforcement in column head 

I f r 

Area of reinforcement 1 =— x ^^i /w xL * . 

Area of reinforcement 2 * A s £ c 2 1 m ' x L ‘ . 


(4.20) 

.(4.21) 
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4.7 Punching Shear Strength of Flat Slabs 
4.7.1 General 

punching shear strength is one of the most critical design aspects in determining the 
flat slab thickness. There are two shear failure mechanisms that may be encountered in 
a flat slab system. The first is the one-way shear similar to that in beams. This type 
rarely controls the design of flat slab floors. The second is the two-way shear, in 
which the failure surrounds the column forming a pyramid shape. Normally, the 
stresses resulting from the two-way shear are much higher than that resulting from the 
one-way shear. 

Two-way shear failure mechanism is usually encountered in flat slab and footings. 
Interior columns are generally subjected to shear with negligible moment transfer 
from the slab to the columns. However, to ensure adequate shear strength, the 
Egyptian code requires that part of the connecting moment be transferred between the 
slab and the columns, resulting in additional punching shear. 

The combination of shear and unbalanced moment is unavoidable at edge and comer 
column locations and occurs at interior columns because of unequal spans and lateral 
loads. Prevention of punching failure of column-slab connections transferring 
moment depends on an accurate calculation of shear stresses produced by moment 
transfer. 

One of the most widely used analysis methods is based on summing the stresses 
developed by vertical shear and the stresses developed by the unbalanced moments. 
This detailed analysis is adopted by the ACI and the Egyptian code of practice. 
However, the computational time required for such analysis is still costly and is not 
suitable for routine design computations. The Egyptian code also offers a simplified 
analysis method for calculating punching shear stress due to both gravity and moment 
transferred to columns due to torsion. In this method, a magnification factor is used to 
account for the portion transferred by the unbalanced moment 
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4.7.2 Critical Sections 


For both design methods, the critical section for punching shear is at d/2 from the face 
of the column. Fig. 4.15 shows several examples of internal, external and comer 
columns. If the openings are located less than 10 times the slab thickness, the code 
requires that the critical perimeter be reduced as illustrated in Fig 4.16. In floors with 
drop panels, two critical sections should be investigated as shown in Fig. 4.17. 



U=2 a,+2 b, U=a,+2 b. 



Fig. 4.15 Critical shear perimeter for internal, exterior and corner columns 


considered as 
free edge 



Fig.4.16. Critical sections for flat slabs with openings 
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D+d 



a)Flat slab without drop b)Flat slab with column 

panel or column head head&w.thout drop panel 


Critical 


shear/ 


K 


D+d 


d1=d+td 


cl+dl 




perimeter 2 Critical shear/ 
perimeter 1 


cl 


\ K Critical shear 

\ Critical shear perimeter 2 


perimeter 1 


c)Flat slab with drop panel 
&without column head 



Fig- 4.17 Critical shear perimeter in flat slab 








































4.7.3 Concrete Punching Shear Strength 

The Egyptian code states that the smallest of the following three values represents the 
concrete punching shear strength q cup 


«-= 0 . 316 ( 0 . 5 + £)*^ 


(4.22.A) 

(4.22.B) 



where 

a is the column dimension in the analysis direction, 
b is the column dimension in the perpendicular direction, 
a equals 4,3,2 for interior, exterior, comer column respectively. 
b 0 is the critical shear perimeter. 


(4.22.C) 


The applied shear stress, calculated using either the detailed analysis described in 
section 4.7.4 or the simplified method described in section 4.7.5, should be less than 
concrete punching shear strength q cup . 





Photo 4.3 Flat slab and solid slabs during construction in Dubi 
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4.7.4 Detailed Analysis 
4.7.4.1 Introduction 

Concentric loading on flat slab systems as shown in Fig. 4.18, produces uniform 
punching shear stress that can be calculated from Eq. 4.23 


where 

Q up is the ultimate design shear force. 
b 0 is the critical shear perimeter b 0 =2 [(a+d)+(b+d)] 
d is the effective flat slab depth. 



(4.23) 


Fig. 4.18 Concentric shear stress calculations for interior column 


The case of concentric loading is rarely encountered in real structures. Therefore, the 
Egyptian code imposes a minimum amount of unbalanced moment that should be 
transferred to columns. This amount varies according to the location of the column. 
The moment transferred between slab and column, produce a complex behavior 
involving flexure, shear and torsion. 

4.7.4.2 Calculations of the Punching Stresses 


Figure 4 19 illustrate the moment and shear transfer at interior and exterior columns, 
where a shear and an unbalanced moment are transferred from the slab to column. A 
fraction of the unbalanced moment transferred by flexure (y f Mj), where y f is 
calculated from 


in which 



(4.24) 
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Yf= fraction of the unbalanced moment transferred by flexure 
c/= is the column dimension in the analysis direction 
c 2 — is the column dimension in the perpendicular direction 
d= depth of the flat slab 

The moment transferred to the column by eccentric shear stress is (y q M f ) where 


7, = 1 “ 7/ .(4.25a) 

7„, = 1-7/, .(4.25b) 

7,, =1-7/, .( 4 - 25c ) 


This moment causes additional shear stresses that have to be combined with those 
resulting from the vertical shear. The code requires that the moment transferred be 
taken as 50% and 90% of the negative bending of the column strip for the interior and 
exterior columns, respectively. For an edge bay, the amount of.the negative bending 
transferred is reduced by half. 



y 


b-Edge column 

Fig. 4.19 Punching stress distribution due to an unbalanced moment 
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Fig. 4.20: Punching shear stresses for a corner column 
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The case of comer column subjected to eccentric punching stress is illustrated in Fig. 
4.20. The centroid of the critical perimeter lies closer to the inside face of the column. 
Hence, shear stresses due to moment transfer are larger at the outside perimeter. If the 
shear stress due to transferred moment is larger than shear stress due to gravity load q p 
as defined by Eq. 4.26, a negative shear stress may occur at these points (comers A, 
C). The punching shear stresses calculated using the code-detailed method is given in 
Eqs. (4.27-4.30). These stresses should be added to the punching stresses caused by 
the vertical loads. The final shear stress at each point for the comer column is 
computed using Eqs. (4.31 -4.33). 

The shear stress due to gravity loads is given by: 

q, =-^£-.(4.26) 

p b a d 

The shear stresses due to unbalanced moment M y are given by: 


„ M -y ht C *b 

Vy 1 r . 

J cy 

„ _ Yy C cd 

Vyl r . 

•'ey 

The shear stresses due to unbalanced moment M x are given by: 


(4.27) 

(4.28) 


9xi 


m x y qx C CB 


(4.29) 



(4.30) 


9 a = qp + q y i - qx 2 .(4.31) 

qB=qp + q x i + q y i...(4.32) 

qc = q P + q x i - q y 2 .(4.33) 


These stresses should be checked against concrete shear strength given in Eq. 4.22. 
where the properties C AB , C CD , C C b=Cad, d cy , and J cjc for different column locations are 
given by: 
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Case of interior column (Fig. 4.19) 


C AB =c CD 


Cqb AD 2 


d xa, 3 a, xd 3 . d xa 3 xb, 

.(4.34) 

" 6 6 2- 


dxb 3 b,xd 3 ,dxb 3 xa, 

—-— + 4 A . 

.(4.35) 


Case of exterior column (Fig. 4.19) 


C ^"(6 1+ 2xa,) 


C -C = — 

k -'CR AD ^ 


C C d ~ a i C AB 


. IxdxCL 2xdxC 3 B 

4=4x6,<+-^ + -5- + 6 


d xfc, 3 fo, xd 3 , d xb, xa, 

r —-!-}--4 ~~ 

6 6 2 


.(4.36) 

..(4.37) 


Case of corner column (Fig. 4.20) 


Cab (2 xb,+2 xa 1 ) 


CcB (2x6, + 2xa,) 


C co =a,-C A 


d xCrn . d xC\ B , 




r _ . xr z .dxC^ dxC^ + b 1 xd^_ 
J a — dxa x xC CB + 2 j 2 
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4.7.5 Simplified Method 

The Egyptian code offers a simplified design method for calculating the total 
punching shear stress including shear stresses due to moment transferred to columns. 
In this simplified method, the shear stress due to vertical gravity loads is magnified by 
the factor p to account for unbalanced moment transferred to columns. The method 
implies that the estimated additional increase in shear stresses due to moment 
transferred from slab to column is 15%, 30%, 50% for the interior, exterior and comer 
column, respectively. 

The shear stress is given by 

»--tr . <4 - 40 > 

where 

Q up is the ultimate design shear force 
P = 1.15 for interior column 
P = 1.30 for exterior column 
P = 1.50 for comer column 
b Q is the critical shear perimeter 
d is the effective slab depth 

Fig. 4.21 shows the critical shear perimeter and the loaded area for an interior column 
in flat slab floor. According to this figure, the calculation procedure is as follows: 


Qup = W u x l l , xb 2 Xb .} .( 4 - 41 ) 


g 

b o 


(4.42) 


a t =a+d b x =b+d b 0 =2a l +2b ] 

Table 4.3 summarizes the calculations of the critical shear perimeter and design shear 
force for interior, exterior and comer columns. 
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Table 4.3 Calculation of critical shear perimeter and design shear force 
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Example 4.1 

It is required to design the Flat Slab Roof shown in Fig. EX4.1. Columns (500x 500 
mm) are only allowed as shown. For architectural purposes, it is required that no drop 
panels or columns’ heads to be used. 


Data:- 

Concrete Characteristic Strength = 
Steel Yield Stress 

Live Load = 

Flooring 

Equivalent wall loads 
Floor Height 


N/mm 

N/rtim 2 


The floor consists of three equal spans in each direction, the span in the long direction 

equals Lj = 6.0 m and the span in the short direction L 2 =5.0 m 

The system satisfies the requirements of the empirical method specified in the o e 
article (6-2-5-5) 

The average length L avg =5.5 m 


Step 1: Dimensioning 

■ Slab thickness (t s ):- 


t, = bigger of 


150 mm 


L f2S _ = 6000 = i87 5 mm 


32 32 


Take t s = 200 mm 

■ Column Dimensions (bxb) 


300 mm 




L. 6000 ann 
_L =-= 300 mm 

120 20 


Thus b=500 mm is satisfactory 
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Long direction 



• Marginal Beams (bbXtb) 

Punching stresses are usually high in exterior and comer columns. Hence, a 
marginal beam is considered with thickness tb a 3t s 2 600 mm 
Take t b = 700 mm & bt, = 250 mm 

• Column and Field Strips:- 

Assume that width of Column Strip = Zi Smaller side = 1/2x5.0 = 2.50 m , 

Width of Field Strip:- 

For short direction = 6.00-2.50 = 3.50 m 

For long direction = 5.00-2.50 = 2.50 m 

Step 2: Minimum steel requirements 

For f y = 360 N/mm 2 

A s rain (long) = — x 1000x (200-20) = 300 mm 2 /m' 

j.ram 3 60 

A smi „(short ) = ^*1000x(200-30) = 283 mm 1 Ini' 

Step 3: Load calculations 

Dead Load, g s = Own weight + Flooring + Equivalent Wall Loads 
= 25x0.20 + 2.0 + 1.5 = 8.5 kN/m 2 

Live Load, p s = 4.0 kN/m 2 
Since the live loads is less than 0.75 the dead loads 
w su = 1-50 (g s + p s ) 

= 1.5 x (8.50+ 4.0) 

■ = 18.75 kN/m 2 


Step 4: Design of Strips 
Step 4-a: Long Direction 

Step 4-a-i: Statical system and bending moment 


w xi, 

M =~i*-2- 

0 8 


2XP V 

3 J 


As no column head is used D=b-0.50 m 
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,, 18.75x5f,. 2x0.5 | 

M =- 6.0-= 376.3 kN.m 

° 8l 3 J 

Percentage of moments is taken from Table 4.1 


Mo-376.3 kN 


Negative moment 
225.78 kN.m(60%) 


Positive moment 
150.52 kN.m (40% 



Column strip -ve moment = 169.33 kN.m (45%) 


Field strip -ve moment = 56.45kN.m (15%) 


Column strip +ve moment =94.08 kN.m(25%) 


Field strip +ve moment = 56.45kN.m (15%) 


Distribution of M 0 for an interior bay 
Step 4-a-ii: Design of sections 

Since the width of the column strip is 2.5 m, the maximum negative moment at the 
interior panel per meter equals 

169.33 , , 

M u = -= 67.73 kN.m / m 

2.5 

it- .^ =0.084 

f cu xbxd 2 25x lOOOx 180 2 

For a =0.0 oo=0.107 

A = a)x^-xbxd = 0.107 x — xlOOOx 180 = 1337 mm 2 /m' 
f, 360 

use ( 90 14 /m') as negative column strip reinforcement in the long direction 
The design for the rest of the long direction critical section is given in the figure 

Step 4-b: Short Direction:- 

Step 4-b-i: Statical system and bending moment:- 


As no column head is used D=b=0.50 m 


18J5X6 50 _2xa5y = 3 0625/tMm 
8 l 3 J 


Percentage of moments is taken from Table 4.1 
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Step 4-b-ii: Design of sections 

Since the width of the column strip is 2.5 m, the maximum negative moment at the 
interior panel per meter equals 

= 137 ~ — = 55.12 kN.m/m 

since this is the secondary direction d=200-30=170 mm . 

M u _ 55.12x10 

R = f xbxd 2 ~ 25xl000xl70 2 

J CM 

For a =0.0 ©=0.097 

As=6)X LL X bxd = 0.097x^x1000x170 = 1144 mm 2 /m' 

use (6d>12/m'+3<t>14 /m') as negative column strip reinforcement of the short direction 
The design for the rest of the short direction critical sections is given in the figure 


Step 5: Design of edge column strip 

Due .o the presence of the marginal beam, the moment in the exterior strip/m' equal 
half the moment in the interior strip/m'. 

So, the reinforcement in the exterior strip/m equals half the reinforcement in the 
interior strip/m'. (While considering the minimum steel requirements). 


Step 6: Check for negative reinforcement in the field span 

As g >2/3 p„ no top reinforcement is required. However, since the slab thickness is 
greater than 160 mm, shrinkage top mat is needed (use 6 * 10/m' in the long direction 
and 5 ® 10/m' in the short direction) 


Step 7: Design for Punching Shear for Interior Column 

Assume concrete cover of 20 mm 
d = 200-20 = 180 mm 
3] =b,=500 +180 = 680 mm 

Q tfp = 18.75 x 5.0 x 6 - 18.75 * 0.68 * 0.68 = 554 kN 
p =1.15 (case of interior column) 
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b 0 = 2 x (680+680) =2720 mm 


_ Qy P _ 554x 1000x1.15 

h A .OA = 1.3 IV/mm 2 


b o d 2720x180 


J is the smallest of 

1- q cup = 0316 ^=0316^1 = 1.29 N/mm 2 <1.6....#.k 

2 - ?<*,, = 0.316(0.5 + -)x E =03i 6 f O S4. 50 <\ [25~ 

* in 3 l 6 ( 0 - 5 + m )x iu = l ' 93N/mm 

3- ^=0.8(^ + 0 . 2 )xE = 0.8 (4x180 /25; 2 

2720 V ) il.5 _L51 N/mm 

Note : a =4.0 for interior columns 
qcu P =1.29 N/mm 2 

Slnce <1, = 1 -. the slab is considered safe regarding to punching 


d/2—90 mm 



critical shear perimeter 


2™ S, " n6,h ° f ~ be checked sMar 
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Design of Short Direction 
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BOTTOM 















































Reinforcement mesh 



Section D-D (Field Strip-Short Direction) 


Cross sections in the short direction 



Field strip Column Strip 

2.50 _ 4 =- 2=50 - 

























Example 4.2 

It is required to design the flat slab Roof shown in Fio FYzL o r r /ir „„ 

mm) are only, allowed as shown. 8 ' EX42 ‘ Columns (500x 500 

Data:- 


Concrete Characteristic Strength = 
Steel Yield Stress = 

Live Load _ 

Flooring _ 

Equivalent wall loads 
Floor Height 


25 N/mm 2 
360 N/mm 2 
10.0 kN/m 2 
2.0 kN/m 2 
L5 kN/m 2 
3.50 m 


Solution:- 

rC “ ,dy ““ use fia, slab 

" qU ‘ re “ S ° f ,he ■»«“ specified in the Code- 

Step 1: Dimensioning 

* Slab thickness (t s ):- 


K = bigger of 


150 mm 


^tong _ 6000 

. 36 36~ 


: 166.67 mm 


Take t s — 200 mm 

* Column Dimensions (bxb) 

' 

300 mm 

b - bigger of < hsissL _ (3500 - 200) 

a J ~-= 220 mm 

L, 600 

fe~ _ 25" =300mm 

Take b=500 mm 


































■ Drop Panel 

-Dimensions of Drop panels S 
* L|/3 

s L 2 /2 

Taking the Drop Panel Dimensions 2.00 x 2.00 (refer to roof layout) 

■ Thickness of Drop Panel 

Thickness of drop panel under the slab a tJ4 = 200/4 = 50 mm 
Taking the total depth at drop panel = 200+50 = 250 mm 

■ Marginal Beams (b b xt„) 

No marginal beam is provided 
" Column and Field Strips:- 

" ° f COlUm " Strip ' P»1 - 2.0 m (in each direction. 

Width of Field Strip:- 

For Long Direction = 5.00-2.00 = 3.0 m 

For Short Direction = 6.00-2.00 = 4.0 m 


Step 2: Minimum Steel Requirement 

For f y = 360 N/mm 2 


^,mi„ (long) -—x 1000 X (200 - 20) = 300 mm 2 / m' 


A s, m - m C short ) - -~ X1000 X (200 - 30) = 283 mm 2 / m ' 

J y 

Minimum steel Reinforcement „ the location of drop panel 

a n . 0.60 

s ,mm (ong)-~~ x 1000x(250-20) = 383 mm 2 1m' 


(short) -~~ x iQOOx (250-30) = 367 mm 2 /m' 


Step 3: Calculation of Loads 

There is additional w e Ight due „ the presence ^ ^ ^ ^ ^ ^ ^ 
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Dead load, g s = Own weight + Flooring + Drop + Equivalent Wall Loads 
= 25 x 0.20 + 2.0 + 0.167 + 1.5 = 8.667 kN I m 1 
Live load, p s = 10.0 kN/m 2 

Since the live loads is greater than 0.75 the dead loads 
w su = 1.4g s + 1.6p s 

= 1.4x8.667+ 1.6x10 

= 28.13 kN/m 2 


Step 4: Design of Strips 
Step 4-a: Long Direction 

Step 4-a-i: Statical system and Bending Moment 

As no column head is used D=b=0.50 m 


28.13x5 2x0.5 

= - 6.0 - 

8 l 3 


= 564.6 kN.m 


Percentage of moments is taken from Table 4.1 

Step 4-a-ii: Moment Correction 

Since the width of the column strip is less than Vi the short span and the flat slab is 
with drop panel, moment correction needs to be carried out. The correction is applied 
to the field strip and then the column strip moment is adjusted accordingly. The 
correction factor equals to the ratio of the actual width of the filed strip to the width of 
the filed strip in case of no drop panel is used (ideal width). The ideal column strip 
width equals 2.5 m and the ideal field strip width is given in thh following table: 


Long direction 

Actual width of filed strip Ideal width of filed strip _ correction factor 

3 5-2.5=2.5 1.2 
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Negative moment (kN.m) 

field strip 
(20%) 

column strip 
(%50) 

112.92 

282.31 

1.2x112.92 

=135.5 

(112.92+282.31)- 
135.5 =259.73 


The calculation of bending moments in the longitudinal direction of an interior bay is 
given in the following table: 


Positive moment (kN.m) 


f.e |d strip column strip 1 J colurnnTS^ 

(20%) (%5 °) I_05%) j ( 25 q / q) 


before j 112.92 282 31 __ 

correction | ® 4 ' 2 141.16 


WHrcction I <" 2 .92+282-31FT Ujir mSEi*, - 

-- 1 135.5 = 259.73 = 101.6 = 124.2 


Step 4-a-iii: Design of Sections 

Since the width of the column strin A o n... * 1 . 

interior panel per meter equals: ’ ’ 6 maximum ne S ative moment at the 

259 73 

M u =-— = 129.86 kN.m/m’ 

r - M u 129.86 x IQ 6 

fcu*bxd 2 25xT 000 x 230 2 ~°' 098 

For a = 0.0 co=0.129 


Step 4-b: Short Direction 

Step 4-b-i: Statical system and Bending Moment 

As no column head is used D=b=0.50 m 


M - 28 -* 3 *6 A 2x0.5V 

° T “[ 5 ’ 0 — =459 - 5 WV -™ 


Percentage of moments is taken from Table 4.1 
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Step 4-b-ii: Moment Correction 

Since the width of the column strip is less than 'A the short span and the flat slab is 
with drop panel, moment correction needs to be carried out. The correction is applied 
to the field strip and then the column strip moment is adjusted accordingly. The 
correction factor equals to the ratio of the actual width of the filed strip to the width of 
the filed strip in case of no drop panel is used (ideal .width). The ideal column strip 
width equals 2.5 m and the ideal field strip width is given in the following table: 


Actual width of filed strip 

4 


Short direction 
Ideal width of filed strip 

6-2.5=3.5 


correction factor 

1.143 


Step 4-b-iii: Design of Sections 

Since the width of the column strip is 2.0 m, the maximum negative moment at the 
interior panel per meter equals 

_ 2146 _ 10g 3 kN m/m . 

" 2.0 

The depth in the short direCtion=250-30=220 mm 

*= - *■ 2 = 1 ^ 3X1 ° 6 =0.09 

f^xbxd 2 25x1000x220 


For a =0.0 co=0.116 

A, =ax^-xbxd =0.116x—xl000x220 = 1773 mm 2 / m' 


Step 5: Design of edge column strip 

Due to the presence of the marginal beam, the value of the bending moments in the 
exterior strip/m' equal to half the value of the bending moments in the interior 
strip/m'. 

Accordingly, the reinforcement in the exterior strip/m equals half the reinforcement in 
the interior strip/m'. (While considering the minimum steel requirements). 

Step 6: Negative reinforcement in the midspan 

Since gs >2/3 p s (8.6>2/3 x 10=6.67), no negative moments will be developed at 
midspan and no top reinforcement is required for such a reason. However, since the 
slab thickness is greater than 160 mm, top reinforcement is needed to resist shrinkage 
and temperature stresses. 

Provide 6 O 10 /m' in both directions. 
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Step 7: Design for Punching Shear for Interior Column 

Since the floor is flat slab with drop panels, two critical sections should be 
investigated as shown in figure. 

Step 7.1: Section 1 

d = 200-20 = 180 mm 

a) =bi=2000+180 =2180 mm 

Q up = 28.13 x 5.0 x 6 - 28.13 x 2.18 x 2.18 = 710 kN 

P =1.15 (case of interior column) 


a,=2180 




, critical shear section 1 


—1 c, (— 


b 0 = 2 x (2180+2180) =8720 mm 

Q m P 710x1000x1.15 n „„, 2 

= —-— = —--- = 0.52 N / mm 

b 0 d 8720x180 

q cup is the smallest of 

1. o =0.316 p*- = 0.316j— =\.29 N I mm 2 <1.6. ...jo. k 

*cup 4/ \l t c 


2. =0.316 (0.5 +-)x =0.316(0.5 + — )xJ— =1.93 Nlmm 

Hap b \ r c 500 V1-5 


.critical section 1 


3- = 0-8 (~ + 0.2)x J&l = 6.8 4^+0.2)x = 0.92 Nlmm 


Note : a =4.0 for interior columns 


Ocup-0.92 N/mm 2 


since 9 „<q c „„, section 1 is considered safe 
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Step 7.2: Section 2 

Assume concrete cover of 20 mm 

d = 250-20 = 230 mm 

a, =b i=500 +230 = 730 mm 

Q up = 28.13 x 5.0 x 6 - 28.13 x 0.73 x 0.73 = 829 kN 

P =1.15 (case of interior column) 
b e = 2 x (730+730) =2920 mm 



q cup is the smallest of 

1. ,„=o. 3 ,«Jf = o, 16 ||—• 


fl, fZ ntlfiC05 + —)X 1^-=1.93 W/mm 2 

2. q civ = 0.316 (0.5+ -)x.J— =0.316(0.5+^) ^ 




Note • a =4.0 for interior columns 

q cup =1.29N/mm 2 

Since q u >q cup , the slab is considered unsafe 
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One of following solutions can be followed 

'■ “- 30 NW wi„ increase 

2- Increasing column dimensions to 600x600 will decrease q, to ,.24 NW 
I- Increasing drop panel thickness to 70 mm wi,l decrease q„ to ,.2,NW 
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Design of Long Direction 
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Design of Short Direction 


Column Strip (Width=2.0m) 


Field Strip (Width=4.00 m) 


601 0 /m I l I l 601 0 /m 



Reinforcement Details 
Long Direction 


LEGEND 

































































" £2* ^-^-EKCSlSUi 

—'* .7 ..-700 - -/■*> 

N/mm 2 . 

Solution 

Assume concrete cover of 20 mm 


d = 1,-20 = 180 mm 

a, =b i=400 +180 /2 = 490 mm 

Q up = 17 x 6.5/2 x 6/2 - 17 x 0.49 x 0.49 = 161.7 kN 

P =1.5 (case of comer column) 


= 1.374 NI mm 1 


b 0 = 2 x 490 =980 mm 

Q up p _ 161.7x1000x1.5 
4«/> = b 0 d ~ 980x180 

q cup is the smallest of 


1- 6^ = 0316^ = 1.29AT/»».'<1A--.* 

, ,„.0. 31 6(0,.i)xJS -0.3.«(0.5 + ^)xf 
, =„, ( ^ + 0,)x||.»—• 

q =1.29 N/mm 2 

punching strengih of .he come, column is mmk To increase .he pune mg 
strength of the slab one of the following solution may be adopted. 


1. Increase the compressive strength of concrete 
2 Increase the dimensions of the comer column 

4. Us^drop^anefor^olunm head if such a solution meets the acceptance of the 
architect. 
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Example 4.4 

Redesign the previous example using the code-detailed method 

Solution 

Stepl: Calculate the unbalanced moments 

Mo X = 17 x 6 x (6.5 - 2/3 x 0.4) 2 / 8 = 495 kN.m 
Mo y = 17 x 6.5 x (6.0 - 2/3 x 0.4) 2 /8 = 454 kN.m 
% of column strip moment = 40% (no edge beams) 

M-ve column strip in x-direction (M y ) = 0.4 x 495 = 198.2 kN.m 
M-ve column strip in y-direction (M x ) = 0.4 x 454 = 181.6 kN.m 
Moment transferred to column in x-direction (M y )= 0.9 x 0.5 x 198.2 = 89.2 kN.m 
Moment transferred to column in y-direction (M x )= 0.9 x 0.5 x 181.6 = 81.7 kN.m 

1 1 

r*=Yiy= ——r—= —y = 0 - 6 



Yqx=7qy= 1- 0.6 = 0.4 

Moment transferred by torsion in x-direction M y = 0.4 x 89.2 = 35.7 kN.m 
Moment transferred by torsion in y-direction M x = 0.4 x 81.7 = 32.7 kN.m 

Step 2: Calculate section properties 

a, =c,+d/2 = 0.4 +0.18/2 = 0.49 m 

b, =c 2 +d/2 = 0.4 +0.18/2 = 0.49 m 


^ ^ of 0.49 A1 „, 

C,„ =C r „ = - - - --=---= 0.123 m 

AB . CB (2xZ>,+2xa,) 2x0.49+2x0.49 

Lt=6.5 m 


D ci=0.4m ^ M x 


S “ u-i 
o 2 oi 


©L. L„_i_JR- 

C[0368 j 0423 


b^Cf.490 m 


Comer column notations 
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Ccd=Cad = 0.49-0.123 =0.368 m 


J, =dxb.xC 2 AB + 




0.18x0.368 3 0.18x0.123 3 ^9x0+8^_ Q 0046 5m 4 


/ = J =0.18 x0.49x0.123 2 +- t + ” 3 12 

u cx cy j 

Step 3: Calculate shear stresses 

The ultimate shear force equals 

0 = 17 x 6.5/2 x 6/2 - 17 x 0.49 x 0.49 = 161.7 kN 

The shear stress due to punching of the gravity loads equals to: 

Qu P 161-7x1000 _ nQ17 N/mm 1 
q ”~bd 980x180 

o 

{M y y^ y )C AB _ 35.7x 0-123 _ _ n jy /mm 2 
= ~ 0.00465x1000 

J cy 

Yqy ) Ccd _ 3 5.7x 0.368_ _ 9 R? N / mm 2 

1 0.00465x1000 

y* 

{M x Y^^cb 32.7x j mm 2 

4* > " j 0.00465 x 1000 

J a t 

_{M X y, t )C AD = J2 ; 7> L 0 ; 368_ = 258iv/wm 2 
/ 0.00465x1000 

° CX 

„ .. n ,= 0 917 + 0.944 -2.58 = -0.723 N/mm 2 

+ qx) _ q y2 = 0.917 + 0.86 -2.82 = -1.043 N/mm 

Therefore, the maximum shear stress rs at comer B with a v^ of 2,17 N/n^The 
value of the shear stress obtained using the srmphfied method ( .375 N/rmn ) s 
extremely low when compared to the value obtained using the detailed method T 
leadTto^a conclusion that the values of P given in the simplified method of the 

Egyptian code should reviewed. 0.723 
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4.9 The Equivalent Frame Method 
4.9.1 Introduction 

The Equivalent frame method was first introduced in 1948. It is intended for use in 
analyzing moments in any practical frame building. The method is more general than 
the direct design method, which is subjected to limitations described in section 6-2-7- 
5-A in the ECP. Thus, if the buildings do not satisfy the loading and geometrical 
conditions required by the code or if lateral loads due to wind or earthquake exist, the 
ECP 203 requires the building to be analyzed by the equivalent frame method. 

The equivalent frame method for design of the flat slab system is a more rigorous 
method of analysis when compared with the direct design method. The building is 
represented by a series of two-dimensional frames, which are then analyzed for loads 
acting in the planes of the frames. In the direct method, the statical moment, M a is 
calculated for each span and divided between positive and negative moment regions 
according to the code coefficients given in Table 4-4. 

The main features of this method can be summarized as follows: 

1. Moments are distributed among the critical sections by employing an elastic 
analysis. Cases of loading have to be considered for the most critical loading 
conditions. 

2. There are no limitations on loading or dimensions. 

3. The variations in the moment of inertia such as drop panel have to be considered 
in the analysis. 

4. Lateral analysis can be performed during the computations of the equivalent 
frame. 

5. The total statical moment calculated using this method need not exceed the 
moment M a required by the direct design method. 


4.9.2 Structural Analysis 

The slab is divided into a series of equivalent frames running in two perpendicular 
directions. These frames consist of the slab, drop panel, projected beams, and the 
columns above and below the considered floor. These frames are in turn divided into 
column and middle strips. The live loads should be placed at the locations that 
produce maximum moment for the members. 

In the case of analyzing vertical loads, the moment of inertia for the slab is calculated 
using the total strip width. While in the case of performing lateral load analyses, the 
moment of inertia for the slab is calculated using column width plus three times the 
slab thickness from each side (not exceeding span/3). 

When a lateral analysis is earned out, the full height of the building should be 
modeled to account for the variation of wind or earthquake forces at each level. If the 
analysis is limited to gravity loads, calculations can be greatly simplified by analyzing 
each floor and its attached column separately. The column ends are assumed to be 
fixed at the intersection with the floor above and below as shown in Fig. 4.23. 



The moment of 

allowing for venations doe to changes 

column. f a fl at s i a b 

Fig. 4.23 illustrates the different elements “ivalent tota 

system. The column P the exterior ends of the slao F nt for tire 

! , + J_ .(4.46) 

^her is the inverse of the flexibility of that 

Recalling that the 

member, the previous equation can be 

. 
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K„ 


.(4.47) 
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Where: 

4xE. xl 

K c =--- s- 

c h 

The form of the previous equation can be explained by making an analogy between 
the equivalent column and the system of two springs. The total deformation of both 
systems equals the sum of the two individual displacements. If the two springs are 
replaced by a single spring with an equivalent stiffness K ec , the second system must 
deflect similar to the original system when identical load P is applied at the end. 
Equating the deflection of system 1 to that of the equivalent system 2 gives 


A = A,+A 2 .(4.48) 

Since the relation between force and displacement for a spring is P=KA, where K 
equals spring stiffness, Eq. 4.48 can be expressed in term of the applied load P and the 
stiffness as 



(4.49) 


dividing both sides with P gives 


K c + K, 



(4.50) 


Code equation 6.16 is similar to Eq. 4.50 but includes a summation sign to account for 
the possibility of contributions from columns above and below the slab. 

An approximate expression for the stiffness of the torsional member, based on the 
results of three-dimensional analysis of various slab configurations is given by 


r 


\ 




9 E c -C 
f , 



Y 
/ / 


(4.51) 


E c is the modulus of elasticity of concrete. 

c 2 is the transverse dimension of the column, equivalent column, capital or bracket. 

L 2 is the center to center distance measured perpendicular to the analysis direction as 
shown in Fig. 4.23 

An expression for C, which is a cross sectional constant to define torsional properties, 
is given by: 


c=Z 


1-0.63- 

t 


b 3 xt 

x - 

3 


(4.52) 



where b and t are the shorter and ^ divided into a 

It the torsional member consists of beam and slab, me 

number of rectangles. 


Table 4.4 Distribution of column 


and field strip in equivalent frame method 


Moment type 

Percentage_ofjnoment 

Column strip 

negative moment in 
interior panel 

75 

negative moment in 
exterior panel 

80 

positive moment 

~~ 55 


20 


45 



a-column and torsional member 


Kc K, 

^—vwv—vwv—- 

2 A, A 2 



c-Equivalent spring system 


b-Two springs system 

Fig. 4.24 Equivalent column and analogous spring system 
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Fig. 4.25 Column and field strips in the equivalent frame method. 



Photo 4.4 Flat slab system during construction 
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Step 2: Compute the torsional member properties 

dimension of the slab portion equals^V-Ttwl -SoT d < ? Vided “*"° partS ' The 

Qt-W <1=600). TheLio^^cir } and that f ° r the beam «W* 


c -[( , -“ , s> a 7 S! H(' 


1 300 ) 300 3 x 600 1 

°- 63 mJ X ~ - =4.43x10’ mm 4 


terms are includS if the" dTeminaSnof^ follows^ ^ tW ° ' dentical 




9 E-C 


v(i -k/L 2 )y 


K r =2x — M.- 4 - 4 3xlQ 9 


6000- 1- 


= 17.25xlO 6 £ 


Step 3 Compute the Equivalent column stiffness K ec 
K - ■ 2X 2.125xl0 6 £ 

“ LZ^YLl ii^o" 1 - 89xl0 ‘^ 

, ^Sr , , 17.25xl0 6 £ 
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4.10 Computer Model of Flat Slabs 

Flat slab can be modeled using shell or plate bending elements, while the beams are 
modeled using frame elements. 

When flat slabs are modeled using thin shell elements and beams are modeled using 
frame elements, the eccentricity of the slab from the c.g. of the member should be 
considered. However, the common practice is to neglect such an effect. 

The effect of the torsional moment must be considered when analyzing the results 
of finite element programs as shown in Fig. 4.26. In case of using uniform 
reinforcement arranged in two perpendicular directions, the bending moment in any 
strip can be obtained using the following equations 

», =KI+K,.|.(4- 53 ) 

m y =jm > ,|+|m ty | .(4.54) 

where 

m x and m y are the maximum bending moments per meter in x and y directions, 
respectively. The design moment m x or m y , need not exceed 1.5 the average moment in 
the strip. 

\m x \and \m y j are the absolute value of the bending moment in the strip 
is the absolute value of the torsional bending moment in the strip 

In the case of modeling the columns as points restrained in the vertical direction, the 
design moment is taken at the perimeter of the columns. It should be noted that the 
finite element method usually overestimates the negative bending moment over the 
supports and underestimates the positive bending moment at midspan. 

It should be mentioned also that deflections obtained using analysis that based on 
linear elastic finite elements should be modified to take into account the effect of 
cracking. 

According to the ECP 203, the main reinforcement can be arranged in the direction of 
the principal tensile stresses with a maximum deviation of + 15 degrees. Otherwise, 
the reinforcement should placed in two perpendicular directions. 



m y 

Fig. 4.26 Internal moments on a slab element 
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An example of the results obtained from modeling the flat slab using plate elements is 
shown in Fig. 4.27. One can notice the intensity of the moment contours over the 
column locations. 


REINFORCED CONCRETE STAIRS 


shell/plate element 


stress concentration at 


column locations 


Photo 5.1 Spiral staircase at Area showroom, USA. 

5.1 Introduction 

Reinforced concrete stairs are essential elements in buildings to tniisfapeople from 
one level to another. The staircase consists of landings and flights. The fitght is 
inclined slab that consists of risers and treads (going), while the Ending is a onzonta 
slab. The flights and the landings are supported on broken, inclined or horizon 

beams and columns as shown in Fig. 5.1. 


Fig. 4.28 Moment contours at column locations 


When designing the top reinforcement of the flat slab one should use the value of the 
bending moment at the face of the column (Sec. 1-1 and Sec. 2-2) as shown in Fig. 
4.28. In other words, the contour line located inside the columns should be ignored. 


Fig. 4.27 Computer model of flat slab system 


















Fig. 5.1 Details of landings and flights for a staircase 


The stair consists of risers and treads (going ). The height of the riser (r) is about 150- 
200 mm, while the width of the going (t r ) is about 250-300 mm as shown in Fig. 5.2. 
The higher the riser the shorter the going. It is common practice to form the height of 
the riser at 150 mm and the width of the going at 300 mm. A good design of the stair 
should comply with the following role of thumb 

2 r + t r =600-620 mm.(5.1) 

To achieve comfort, landing has to be formed every 10-14 steps. Landing may be also 
needed when a change in the direction of the stairs is required. 


Landing 



Fig. 5.2 Geometric design of the stairs 

The width of the stair in each direction usually ranges from 0.9-1.5 m and the space 
(stairwell) between each flight ranges from 0.3-0.6 m. Thus, for residential building 
with a height of no more than 3 m, the total space for the staircase is approximately 
3x6 m as shown in Fig 5.3. For proper geometric design, care should be given to the 
details C and D in Fig. 5.3. 
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Fig. 5.3 Typical 2-flight staircase in residential buildings 



































5.2 Structural Systems of Stairs 

From the structural point of view, the types of stairs can be classified into five 
categories as follows: 

1. Cantilever type. 

2. Slab type. 

3. Slab-beam type. 

4. Spiral type 

5. Free-stranding type 



The main differences among these types are the way through which the flights and the 
landings transfer their loads to the supporting beams and columns. 


Photo 5.2: Cantilever reinforced concrete stair 


Since the flight is inclined, the self-weight of the flight is normally calculated in the 
horizontal projection. Thus, the vertical distance t is used m the weight calculations of 
the loads as shown in Fig. 5.4. 



w = rc x{bxtx 1) w = rc x(6xtx 1) 


w (H.P) = X * t X — = Yc x @ xt " * 1 ) 

cos Q 

Fig. 5.4 Calculation of the flight self weight 

5.2 Cantilever Type 

In this type, the flights, the landings and the stairs act as a cantilever slab supported on 
a beam or a wall as shown in Fig. 5.5. Care should be taken to the correct placing of 
the main reinforcement in the stairs and inside the beam dunng construction time. 



Fig. 5.5 Examples of cantilever stairs 
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The staircase is designed by taking one-meter width of the flight or the landing with an I 
effective depth d avg . The effective depth is taken as the average depth of the section. 
The main reinforcement is placed in the top of the stairs and anchored to the 
supporting beam as shown in Fig.5.6. The selected reinforcement is normally two bars 
preferably placed at the middle of the stair and at the stair edge as shown in Fig. 5.7. In 
this case, an additional bar is placed at the other edge. The bending moment developed 
in the stairs is transformed into torsion on the beam. The amount of the developed 
torsion is quite large and should be investigated. A light reinforcement mesh is placed 
in the bottom face to resist cracking and shrinkage. 



Fig. 5.6 Cross section in a cantilever stair 

Live loads (3-4 kN/m 2 ) are applied in form of uniform loads on the stairs in tire 
horizontal direction and a concentrated line load (P„=l-1.5 kN) on the free edge as 
shown in Fig. 5.6. The uniform loads w u is the summation of the (slab+stair) 
weight(using t avg ), covering material (0.8—>1 kN/m 2 ), and live loads. The effective 
span L e ff is taken as 

L, r =min \ L ^ +t ^ .(5.2) 

* [edge to CL V 


.. riser(r) 


Stair total self weight =t avg * y c ...(5.5) 

w u = 1.4 w DL + 1.6 w LL .(5.6) 


w„=1.4 [t. 


avg x Yc + covering material(0.8—>1)]+ 1.6 w LL (3—>4) .(5.7) 
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The mam 
minimum 


main 

reinforcement 


additional bar 
(4>8 or 4> 10 ) 


riser(r) 


riser (r) 


light reinforcing mesh 


5.7 Reinforcement placement in a cantilever stair 


Photo 5.3 Cantilever stair during construction 

















Example 5.1 

The staircase shown in figure below is a cantilever type for a floor height of 3.0 m. 
The live load is 3 kN/m 2 , the characteristic strength of concrete is f cu =35 N/mm 2 and 
f y =400 N/mm 2 . The weight of the covering material is 0.8 kN/m . Design and draw 
reinforcement details for the staircase and the supporting beams. 


floor slab 


floor beam 


250x600 

wall 


stair beam 


Sec A-A 



i 

i 


Architecture Plan 


Solution 

Step 1: Design of the flight 
Step 1.1: Load calculations 

Assume the riser height is 150 mm and the going width is 300 mm, the slope of the 
stair equals 



0=26.56 


Assume t s =140 mm » 

To calculate the loads on the horizontal projection, use the vertical thickness 

s = _fi -_—-= 156.5 mm 

cos(6>) cos(26.56) ' , , , x . 

To include the weight of the stairs (goings and risers) in the dead load calculation (in 
the horizontal direction), one has to calculate the average vertical thickness 

t = 156.5+ — = 231.5 mm 

'«>* 2 2 

Stair total self weight =t avg x Yc = 0.2315 x 25=5.7875 kN/m 2 
w = j 4 Wdl + 1.6 w ll = 1.4 (self weight +covering material)+ 1.6 w LL 

Wi =1.4 x (5.78 + 0.8) + 1.6 x 3 = 14,02 kN/m 2 
Taking a one-meter strip then w„= 14.02 kN/m 

An additional concentrated live load (P edge )of 1.5 kN/m' is assumed at the free edge. 

P = 16P. = 1.6x1.5 = 2.4 kN / m' 

1 u edge 

Step 1.2 Bending moments 

The effective span is given by 


fr + , 1(1.6 + 0.231 = 1.831 m 

_ . I ^clear T ‘«vg — min J 

L eff - 111111 | edge to CL \l .6 + 0.125 = 1-725 m 
L c fr= 1.725 m 



L c lea,= 1.6 m 


h—0.125 


w„=14.02 kN/m' 


L e fl— 1.725 m 


P=2A kN 


M u =25 kN.m 
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The maximum bending moment on a 1.0 m strip of the stairs is 

„ t'.xirf „ „ 14.02xl.725 2 _ .. 

=-- —- + P u xL^ =---+ 2.4x1.725 = 25 kN.m 

Step 1.3: Design of stairs 

Assuming 20 mm concrete cover, the effective depth equals 
d = t avg - cover = 231.5 - 20 = 211.5 mm 

Recalling that we base the design on a strip of 1.0 m (b=1000 mm) 


f^bd 2 35xl000x 211.5 2 


= 0.016 


Using the R-co curve <n=0.019 

A s =eu=bB-b rf = 0.019x —x 1000x211.5 = 346 mm 2 
f y 400 

A ■ =^-bd = -^-xl000x211.5=317 mm 2 <As 
f y 400 

A s /step =A S x step width(going)=346 x 0.3 =104 mm 2 
Choose 2 0 10 (157 mm 2 )/step 

Step 2: Design of landing 
Step 2.1: Load calculations 

The thickness of the landing is taken equal to the thickness of the flight =140 mm 

Landing self-weight = t s x y c = 0.14 x 25=3.5 kN/m 2 

w u j= 1.4 w DL + 1.6 w ll = 1.4 (self weight +covering material)+ 1.6 w LL 

w u f=\A x (3.5+0.8) + 1.6 x 3 = 10.82 kN/m 2 

Taking a strip of one meter 

w u r 10.82 kN/m' 

The landing is a slab that is supported on two sides. The exact analysis of such slabs 
involves a lengthy calculation procedure. However, since this slab is supported on two 
beams, the amount transferred in each direction can be approximated by dividing the 
load between them. Thus the load transferred to each direction equals 
w ui = 10.82/2=5.41 kN/m' ... 
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Step 2.2 Design of sections 


w„, xZ, 2 5.41X1.725 2 


: 8.05 kN.m 


Assuming 20 mm concrete cover, the effective depth equals 
j = t - cover = 140 — 20 = 120 mm 

r M » . 8.05 xlO 6 - = 00159 

fcu bd1 35x1000x120 2 

Using the R-<n curve—*•—»■ ®=0-019 

a =co d = 0 . 019 x-^-x 1000x120 = 196 mm 1 
s 400 

Choose 5 $ 10/m' (393 mm ) > A s , m i n 


Additional 1®10 


stair main rft 
2® 10 /step 


landing main rft. 5 4> 10/m' 
5 4 8/m' 


additional 1 ® 10 


secondary rft-5 <(> 8/m' 


t=140 mm 


Stair reinforcement details 


Step 3: Design the supporting beam 
Step 3.1: Calculation of loads 

Assume the beam cross section is 250 x 800 mm t 

To obtain the weight in the horizontal projection, calculate the vertical thickness t 


t - _ 1 _-= 894.4 mm 

4 cos(0) cos(26.56) 
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floor beam 250x600 



Self weight = 1.4 x y c x b x t* b 

Self weight=1.4 x 25 x 0.25 x 0.8944 = 7.83 kN/m' (Horizontal projection) 

The height of the wall is variable along the beam, however for simplicity an average 
height will be used throughout the beam. This average height is conservatively 
calculated as follows: 

h w = 3-floor beam-t* b -l-5/2=3.0- 0.6 - 0.89 - 0.75 = 0.755 m 


wall load = 1.4 x y w x b x h w =1.4 x 1.2 x 0.25 x 0.755=3.17 kN/m' 
w u bi= self weight + w u x flight width + wall load + edge live load 
w m = 7.83 + 14.02x 1.6 + 3.17 + 2.4 = 35.84 kN/m' 




P u =2.4 kN 


The loads transmitted to the beam at the level of the landing w„ b2 equals to 
w u6 2= self weight + w u , x landing width + wall load 
w „ = 7.83 + 5.41x1.6 + 3.17 = 19.6 kN/m' 

ub2 . 

Note: The reader should observe that the average wall load previously calculated is 
conservatively used for the whole span. 


Loads 


Bending 

moment 


=35.84 kN/m' w,,„= 19.6 kN/m' 



The reaction R1 equals 

35.84x3x(1.5 +1.6) + 19.6xl.6x0.8 


R\= : 


4.6 


= 77.9 kN 


35.84x3x1.5+ 19.6x l.6x (3 + 0.8) _ Afi g6 kN 
R2 = ' ~ ^6 

Step 3.2: Design for flexure 

The maximum moment occurs at point of zero shear (x) 



77.9 

35.8 


= 2.17 


m 


M = 77.9x2.17-35.84 = 84 ^ .7 kN.m 

■ max 2 

Note: Since the beam is inclined with respect to the reaction, R1 will produce shear 
and normal force on the beam. 
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This section has positive bending (84.6 kN.m), but we shall neglect the contribution of 
the stairs and design the beam as rectangular section 

84.7x10- 

■ fj>d 2 35x 250x 750 2 

Using R-co curve —*—> co=0.02 
f 35 

A, =a)^-bxd = 0.02— x250x750 = 330 mm 2 


' °™£L id= °mM x250x750 , 623mm , 

A s m ,„ = smaller of f y 400 

1.3.4 =1.3x330 = 430mm 2 J 


Ag^A^^niinj use Ag A s , n ,i n 430 mm 
use (3 ® 16, 603 mm 2 ) 

Step 3.3: Design the beam for shear and torsion 
Step 3.3.1: Shear stresses 

The critical section for shear and torsion is at d/2 from the face of the support. 
Assuming that the column width is 600 mm, the vertical force at the critical section 
equals 

Q =77.9-35.8xj^+~j = 53.7 kN 

This vertical force produces shear and normal force because the beam is inclined. The 
normal force is normally small and neglected (<0.04 f cu b t )and the shear force equals 

Q„ = Q x cos(0) = 53.7 x cos(26.6) = 48.1 kN 


. ft 48.1x1000 2 

q„ =-=-= 0.256 N / mm 

bxd 250x750 


Step 3.3.2: Shear reinforcement 

The concrete shear strength q ou equals 


q cu =0.24 } j—=\.16N/mm 2 

Since the applied shear stress (0.256) is less than q cu (1.16), thus shear reinforcement is 
not needed. 



shear force 

Loading for Shear and shear force diagram 


Step 3.3.3: Torsion stresses 

Assume the distance from the concrete cover to the stirrup center line is 40 mm 

x, = 250 -2x40= 170 mm 

y, = 800 -2 x 40 = 720 mm 

p h = 2 x (x, + y,) = 2 x (170 + 720) = 1780 mm 

A oh =x,.y, =170x720 = 122400 mm 2 
A 0 = 0.85.4 = 0.85 x 122400 = 104040 mm 2 



xi=170 mm 
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The torsional moment (M, u ) applied to the beam equals the bending moment developed 
in the stairs (=25 kN.m) and equals 8.05 kN.m at the landing level. 


w u = 14.02 



Pu=2.4kN 


M, u =25 kN.m 


The torsional moment is distributed along the length of the beam as shown in figure. 
All these moments are horizontal projection and in the vertical plane. 


M lul =25 kN.m (H.P 


M lu2 =8.05 kN.m 



R T1 =52.8 


The torsional reaction R X1 equals 

_ 25 x3x (1.5+ 1.6)+ 8.05x1.6x0.8 

R t , =-—- - -- = 52.8 kN 

n 4.6 

The critical section for torsion is at d/2 from the face of the support, thus the vertical 
torsional moment at the critical section equals to: 

T =52.8-25x(~+—| = 35.9 kN.m 

l 2 2 J 

This vertical torsional moment produces torque and out-of-plane bending moment 
(M y ) because the beam is inclined. The out-of-plane bending is usually small and can 
be neglected and the torque equals to: 

M tu =T xcos(d) = 35.9xcos(26.6) = 32.1 kN 


The shear stress due to the torque M, u is given by: 
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M,u 

2 xA 0 xt e 


32.1xl0 6 

2x104040x68.76 


= 2.24 NI mm 1 


M lu i=25 kN/m' Mur* 8.05 kN/m' 



Step 3.3.4: Check adequacy of the concrete dimensions 




-\/o.256 2 + 2.245 2 = 2.26 < 3.38. ok 

Thus, the concrete dimensions of the section are acceptable for shear and torsion. 
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Step 3.3.5: Torsional reinforcement 


mm 0-06 / c “ - 0.06. T ^—■ = 0.29 N/mm 1 
V Yc V 1.5 

Since q tu >q tumin , torsional reinforcement is required. According to the ECP -203 

SSzr® swng,h is ” eglec,ed ’ and * he —Si; 

Assuming spacing of 100 mm, the area of one branch A str equals 


xs 


32.1xl0 6 xlOO 


2xA 0 x f>„/y s 2x104040x240/1.15 


= 73 . 97 mm 1 


_ A »r xp, f /„,") _ 73.97 x 1780 (2401 


= 790 mm 2 


Calculate the minimum area for longitudinal reinforcement A sl , n; 


A sl ,ntin 


A str X P h f yst 

s f 
\ J y 



There is a condition on this equation that ~~ > — 

s 6x fy,, 

73.97 ^ 250 
100 - 6x240 '"°- k 


^—x 250x800 
400/1.15 ‘ 


73.97x1780 ( 240 


= 320 mm 2 


Since A,, > A*,,, min ...o.k 
Choose 8<j>12 (904 mm 2 ) 
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Step 3.3.6 Reinforcement for combined shear and torsion 

Since it was previously computed that no shear reinforcement is needed (A st =0), the 
area of one branch for combined shear and torsion equals 
A str + AJ2= 73.97 + 0 = 73.97 mm 2 
Choose <j> 10 mm (78.5 mm 2 ) 

4., m i„ = ——250x100 = 41.67 mm 2 

*•" f y 240 

Total area = 2A„ + A„ > A s , mh . 

= 2 x 73.97 + 0 = 147.94 mm 2 > 41.67 mm 2 .o.k. 

Final design use <|> 10 @ 100 mm 


















5.3 Slab Type 

the structural point of view, it is better that the main supporting element is spanning m 

the short^irection However, this depends on the surrounding beams If the beams 
the short lection. ’ k wdl or at least along the long sides, solution A 

" • supporting beanis are only ». the short side, 
solution B is the only valid structural system. 



Solution A SolutionB 

Fig. 5.8 Proposed structural systems for a slab-type staircase 

The applied live loads are based on *e 

dead load is based on the sloped length. To transiormtne ae jn F]g 5 9 

However 1 the de^lTused^design^tiVis p^endicular to the slope (Eq 5.9) as shown 
to ng S Slab thickness h is taken as (1/25 to 1/30 (torn the slab span). 


span 

ts " 25-30 " 
d = t s -cover 

t 

COS0 

, riser(r) 
= f ^ “ 


Stair total self weight =t avg * y c 


(5.8) 

-(5.9) 

(5.10) 

.(5.11) 

.(5.12) 
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The uniform loads w u is the summation of the (stair +slab) weight (using t avg ), covering 
material (0.8—>1 kN/m 2 ), and live loads. The effective span L e ff is taken as 

w u = 1.4 w DL + 1.6 w LL .(5.13) 



ny=1.4 [t avg x y c + covering material(0.8—+1)]+ 1.6 w LL (3—>4) .(5.14) 


If the slab thickness exceeds 160 mm, a top reinforcement mesh must be supplied to 
control shrinkage and temperature. However, this reinforcement is only required at the 
landing level as the stair reinforcement acts as shrinkage reinforcement as shown in 
Fig. 5.10. 


shrinkage reinforcement 



Fig. 5.10 Shrinkage reinforcement for slab greater than 160 mm 
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Since the landing and the stairsi ate net 




Case of positive bending 

(splitting of reinforcement is not required) 


Detail B 



Fig. 5.11 Internal forces developed in the landing and the sloped slab 
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Photo 5.4 Slab type staircase 


Photo 5.5 Cantilever staircase 
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The reaction at each end (R) equals 

w„x3 16-34x3 tN 

R - 2 2 

Step 2.2: Design for flexure 

The maximum bending moment is at the middle and equa 

, 1-5 2 _,4Sx235-1634x— = 39.2 kN.m 

M =R x (0-85 +1.5) -w,x-—- 24.5x2.30 2 . 

“ , - n for me secondary direction and 20mm for the 

Assuming concrete cover of 30 mm tor tne secouu y 

main direction 

d = 160 - 30 = 130 mm (secondary direction slab S2) 

^ _ 1 60 — 20 = 140 mm (main direction slab SI) 


M u _ 39.2 xlO 6 __ 0 _o773 

R ~ fcbdl 1 30xl000xl30 2 


• co=0.098 


A =*,^^ = 0.098x^x1000x130 = 1365 mm 2 
s y 2oU 

. _ hxd = 5^. 1000x130 = 325 mm 2 <A S 

^s.min i on 1 AH 


Choose 6 <|> 18/m' (1527 mm ) 

Step 2.3 Design for shear 

According to the ECP 203, concrete shear strength of slabs equals to. 

«-' oi6 ^S =oi6 'H‘ 0 ' 715 "'"‘ 

Q U =R=24.5 kN 


Q u x =0.188 Nlmm 2 

, T » i aaa.. no 


bxd 1000x130 


< 7u < - < leu • ••O.k 


R= 24 . 5 kN(per meter of slab Si) 


Intersection '¥ > 'R--24.5k^ 


> R=24/kN 


R'= 24 . 5 /l .7=14.4 kN/n 


R=24o kN 


B=1.7m 


B=1.7 m 
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Step 3: Design of Slab S2 
Step 3.1: Calculation of loads 

stit g sr r r - t, “ 

,h ' reaC,i0n R Wi " diSWb ““ J -* this width. Thus the SEES, 

D^Sl(/tcrmeter) 24.5 

b — ~ = ~[y =UAkN/m ' 

OiR' = - R s\(t M ,i) _ 24.5x1.7 

intersection area between S, and S 2 = T7xT7~ = 14 ' 4 kN 1 m ' 

Landing self weight =t x y c = 0.16 x 25=4.0 kN/m 2 

W “ = L4 W ° L + L6 Wu=L4 ( se lf weight + covering material) + 1.6 w LL 

The weight of the covering material for the landing is given as 1.8 kN/m' 

w “ L4x ( 4 - 0+ L80) + 1.6 x 4 = 14 52 kN/m 2 

Taking one meter width of the slab (b=1000 mm), then 

Wsu= w u x 1= 1452 x i.o =14.52 kN/m' 

R-14.4 kN/m' R'= 14.4 kN/m' 



Step 3.2 Design for flexure 

R2 = + ff v i 7 _ 14.52 x 4 

2 +* X L7-— --+ 14.4x1.7 = 53.54 AN 

The maximum moment is at mid span 

M = y o 14.52 x 2 2 | 7 

2 2 -- 144 xUx ( 1 f + ° 3) = 49 * 9 kN ™ 

d - 160 - 20 = 140 mm ->(main direction) 
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49.9 xlO 6 


f m bd 2 30x 1000xl40 2 


= 0.085 


Using the R-co curve —>—* co=0.11 
f 30 

A, = 0) J - BL -b d = 0.11x—x 1000x140 = 1650 mm 2 
f y 280 

A s min = ^ b Xd = ■— 1000X140 = 350 mm 2 <A* 

s.mm 10Q 100 

Choose 6 <|> 20/m' (1885 mm 2 ) 

Step 3.3: Design for shear 

According to the ECP 203 clause 4-2-2-1-6-d, concrete shear strength equals 
<?“ = 0.16 = 0.16 = 0.715 Nlmm 1 

Q u = R=53.55 kN 

O 53.55x1000 „„ 0 „. 2 

q u =—— =-= 0.38 N Imm < q cu ...o.k 

“ bxd 1000x140 

Step 4: Design of slab S3 

Slab S3 is supported on the beams, the reaction of the slab SI is applied at the middle 
of the slab 

Landing self weight = t s x y c = 0.16 x 25=4.0 kN/m 2 

w =1.4 x (4.0+1.80) + 1.6 x 4 = 14.52 kN/m 2 

The weight of the stairs equals =16.34 kN/m' (same as slab SI) 


R-14.4 kN/m' R'=14.4kN/m' 


w„=16.34 kN/m' 


w su =14.52 kN/m' 



w s „= 14.52 kN/m' 



Comparing the loads acting on slab S2 with slab S3 reveals that they are almost the 
same, thus the same reinforcement used in slab S2 is used in slab S3 
Choose 6 <j> 20/m'(1885 mm 2 );.' ' «>'• -n; 
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3<j)20/m' 

3<j>20/m' 


Reinforcement details for slab S2 


the slab S3. 

Step 5.1: Calculation of loads . u load . 

The beam at the landing level B1 carries its own weight, statr load and 

Assume beam size is 250x700 mm 0 .25 x 0.7 =6.125 kn/m' 

Self weight of the beam = 1.4 * Yc * b t-1.4 

slab load equals to the reaction of the slab S2(w iU ) 

. n —14x12x0 25 x ( 3 .3/2-0.7) = 4 kN/m 
Wall load = 1-4 x Yw x b x h w - 1-4x12 azo V 

w u6 =6.125+4.0 = 10.125 kN/m' 


column 

column 



Step 5.2: Reactions and bending moments 

^r£iffr£.44.4 5 « 

Rr ~6A~ 

r l =10.125 x 6.4 + 53.55x1.7 -44.45 = 111.3 kN 
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w su - 53.55 kN/m' 

mi mo 


. 10.125 kN/m' 



^u.max - 97.6 


Rr—44.45 



Point of zero shear from the right support =* = 4445 m 4 m 

' 10.125 

2 

= /? * *•*« -w «& X '^ L = ..44.45x4.395-10.125= 97.6 £ACm 
d = 700- 50 = 650 mm 2 

2S5?W&° f b ' ara *. M ° 0m, “ ,ed “ slab - ».*•» ■» designed . 

p_ 97.6 Xl Q* 

fcubd 1 30^250^650 r_0 ' 031 

From the R-co curve —> > co=0.037 
A s =a>~-b d = 0.037 x-^ x 250 x 650 = 644 mm 2 


A . - °- 225 ^V 0.225^0 -- 
4 280 
Choose 4 (j) 16 (804 mm 2 ) 

Step 5.3 Design for shear 

9 - =0 - 24 m =a24 J~J = 1.06 AT W 

Qu,max = Rr = 1 11.3 kN 


250x650= 715 mm 2 < A s -> use A snlin 
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The critical section for shear is at d/2 from the face of the support. The column width 
(c) equals 0.25 m, thus 

ft = P s - (w su + w u6 ) X (£ +1) = 111 .3 - (53.56 + 10. 125) X (5|£+ Ml) = 82 .62 kN 

q u = = ———- ) Q = 0.508 N/mm 2 <q cu ...O.k 

“ 6x</ 250x650 4 

provide minimum shear reinforcement 
0.4 0 4 

A sr min = —xixs = — x 250 x 200 = 71.43 mm 1 for two branches 

f y 280 

Choose 5 <j) 8 /m' 





5<|>8/m' 






Beam elevation 


5<(>8/m' 


Sec 1-1 


Beam reinforcement details 
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Example 5.3 

Design the staircase shown in figure knowing that 
f cu =25 N/mm , f =360 N/mm 2 and f ys f =280 N/mm 2 

The weight of the covering material is 1.0 kN/m 2 . The live loads on the stair may be 
taken as 4 kN/m" 




•section B 



Solution 

Step 1: Design of the flight 
Step 1.1: Load calculations 

Assume the riser height is 150 mm and the tread width is 300 mm, the slope of the 
stair equals 

1 = 26.56° 


6 = tan 


V tread ) 



Assume slab thickness t s equals to 150 mm 
t, 150 


t = 


cos(&) cos(26.56) 


■ = 167.7 mm 


t =t ’ + £f£^ = i67.7 + — = 242.7 mm 

«vs 2 


150 

2 


Stair self weight =t avg x Yc - 0.2427 * 25 6.068 kN/m 
Wi = i .4 w DL + 1.6 w LL =l .4 (self weight +covering material^ 1.6 w LL 

w„=1.4x (6.068+1) + 1.6 x 4 = 16.29 kN/m 
Taking one meter then w u = 16.29 kN/m' 

Step 1.2: Flexure design 

Assuming that the supporting beam width is 300 mm, then the effective span for the 
stairs is given by ^ 


1350 mm 


1500 mm 


T 


variable 


-300 mm 
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r _ ■„ I ^clear + ^avg 

L^ = nun ( s = 

[edge to CL 


(1.35 + 0.24 = 1.59 m 
1.5 m 


L e n= 1.5 m 

Assuming an edge live load of 1.5 kN/m'. P u =1.6 x 1.5 = 2.4 kN/m' 

The slab is assumed fixed in the beam and the bending moment in the slab equals 


w„=16.29 kN/m' 


P u =2.4 kN 


M„=21.9 kN.m 


L e ir=1.50 m 



M u =21.9 kN.m 



The structural system for the sla is cantilever slab form 

M = w « xL eff +P xL = . 16 - 29><1 50 +2.4x1.50 = 21.9 kN.m 
2 m 2 

Thus, assuming 30 mm concrete cover, the effective depth is vertical distance in the 
slab thickness which is connected to the beam as shown in figure below 

d ms ~ g _ cover = 242.7 - 30 = 212.7 mm 


R =-——- =- ^T^xlO^—- = 0 .019 

fcubd^ 25xl000x212.7 3 

From the R-oo curve * co=0.0228 
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A = o ln-b d = 0.0228x-^-x 1000x212.7 = 337 mm 2 
* { 360 

J y . 

a =—bd = — xl000x212.7 = 355 mm 1 > As ->•->■ use A s , m ii, 

f 260 

J y 

■ A s / step = 0.3 xA s = 0.3x355 = 101 mm 2 
Choose 2 O 10/step (157 mm 2 ) 

Step 2: Design of the landing 

The thickness of the landing is the same as the stairs =150 mm 

Landing self weight = tx y c = 0.15 x 25=3.75 kN/m 

Wul = i.4 w DL + 1.6 w ll =1-4 (self weight +covering matenal)+ 1.6 w LL 

w„/=1.4x (3.75+1.0) + 1.6 x4 = 13.05 kN/m 2 

Taking a strip of one meter 
I w„f= 13.05 kN/m' 

Assuming an edge live load of 1.5 kN/m'. P u =l-6 x 1.5 - 2.4 kN/m 


P u =2.4 kN 


w„=13.05 kN/m' 


L,n—L50 m 



„=18.3 kN.m 


„ w tJ xL *jr 13.05x1.5 + 0 /tyl 
™ u - 2 2 

.Assuming 30 mm concrete cover, the effective depth equals 

d = t- cover = 150-30 = 120mm 

M, _ 18.3x10* -_ o.o51 

f bd 2 25xl000xl20 2 

Jcu 


From the R-co curve 
©=0.062 

A = a Li- b d=- 0.062 x —xlOOOx 120 = 518 mm 1 > 


Choose 5 <D 12/m' (565 mm 2 ) 
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1 <t> 10 (straight) 




2010/step 

5<t>8/m' 


Stair main reinforcement 


Step 3: Design the supporting beam (Bl) 

Step 3.1: Design for flexure 

Step 3.1.1: Calculation of loads 

Assume the beam cross section is 300x800 mm 
The horizontal projection weight can be obtained from 

., = _^ = ±^ = Mz150 = 726.7 mm 
cos(0) cos(ff) cos(26.6) 

Self weight = 1.4 * y c * b x t' 

Self weights.4 x 25 x 0.30 x 0.7267 = 7.63 kN/m' (H.P.) 



The beam load (w M ) equals (in the stairs part) 

Wubl = ow. + W u X flight width + 2 x hand rail live load 
w M = 7.63 +16.29 x 3 + 2 x 2.4 = 61.3 kN / m 1 ' 


P=2.4kN P u -2.4kN 

I w„= 16.29 kN/m' i 


1.350 m AW t 

—H i I——0.30 m 
--— 3.0 m- 


P u =2.4kN 


w„=I3.0S kN/m' 

inn *TT 




1.350 m 1 

1 * 

~ L_ 

i- 

|——0.30 m 

|—- - - 1 


Stairs loads 


Landing loads 
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The beam load (w uM ) equals (in the landing part) 

w ui, 2 = ow. + w u x flight width + hand rail live load 

o.w = 1.4 x y c x b x (t—t,)=l-4 x 25 x 0.30 x (0.8-0.15) = 6.825 kN/m' 

w uh2 = 6.825 +13.05 x 3 + 2.4 = 48.375 kN/m’ 


w„k2=48.375 kN/m' 


**,-61.3 kN/m' 



Rl=177.3 


R2=252.9 kN 


Bending 

moment 



Step 3.1.2: Calculation of bending moments 

D _ w U 6i x 4.65x(4.65/2 + 1.5)+H'„ft,x3xzm> 61.3x4.65x(4.65/2 + 1.5) ... 

A, — -----=- —\1L5 kN 

6.15 6.15 

R i = w u,a x3+ w M x4.65 - Rl = 48.375 x 3 + 61.3 x 4.65-177.3 = 252.9 kN 


Point of zero shear x, = ~^ = = 2 - s9 


x 9 cq 2 

= *, xx, — w, x—1- = 177.3 x 2.89-61.3 x—-— = 256 kN.n 
2 2 
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Step 3.1.3: Design of the critical sections 
Section 1 

This section has positive bending (256 kN.m), but we shall neglect the contribution of 
the stairs and design the beam as rectangular section 
Using R-w curve 
d = t - 50 mm= 800- 50= 750 mm 

_ 256x 10 6 — _ Q Q61 

f cu bd 2 25x300x750 2 

From the curve it can be determined that ©=0.075 
A ^ a LiLbxd = 0.075 — x300x750 = 1179mm 2 >A s , mi „ 


fy 


A sm „ - smaller of 


360 


0-225 bd _Q- 225 ^j v -^nnx750=703 mm 2 J <A, o.k 

f 360 

J y 

1.34 =1.3x1179 = 1532 mm 1 


use (5 <£18, 1272 mm 2 ) 


Section 2 

48.375x1.5 2 

M “ = - 2 

Using R-w curve 


= 54.4 kN.m 


R=- 




54.4x10° 


= 0.0129 


f cu bd l 25x300x750 2 
From the curve it can be determined that co=0.015 

a — q) ^-OLbx d = 0.015 - x 300x750 = 235mm ^Ag.min 

S fy 360 


A ■ = smaller of 

min J 


0.225 JE 
360 

1.3x235 =305 mm 2 


x 300x750 = 703 mm 1 

J>4 o.k 


Use A s =A 5 , min =305 mm 2 
Choose (2 <X> 20) 
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Step 3.2: Design the beam for Shear 

moments in the beams results 6 inTo °tors ^ CaUSCS the maximu m bending 
maximum shear n ° torS1 ° nal moment ‘ However, it produce the 

step 3.2.1: Check the adequacy of the concrete dimensions 

The critical section for shear and torsion is at d/2 (tom the support 


a-252.9-48.375*(^ + H5j, 227 . 5j 

„ _ Qu 227.5x1000 
“ bxJ ^oosr'tcfrt -1.01 NI mm 2 


b*d 300x750 


?o,max -0.70 ^ =0J( ^I[ =28N/mm2 

since q u (q ujm , the concrete dimensions are adequate. 

Step 3.2.2: Design of the transverse reinforcement 


q m =0-24^--=: 0.98 

Since the applied shear is greater than shea, reinforcement is needed 


q ~q _ Scu _ i r-. i 0.98 

q “ T" 1 ' 01 -^- = 0.52 N/mm 2 


Assume spacing of 100 mm 

4 _ <lsu x bxs 0.52x300xinn 
" f y J 1-15 2807U5 =64 mm2 

use 10^) 10/m 


7z :trr: ** *“■ ° f ^ ^ produc “ —■ - *■*. 

Step 3.3.1: Calculate shear and torsion stresses 

The unsymmetrical loading of the fWht 

, g " t lght Produces combined shear and torsion as 
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A. Torsion Stresses 








7.65 2 7 /:s 2 

M,x~~ U.jsx~- 
--2—=_2 


= 70.3 kN.m 


The critical section is a. d/2 from Use face of the column ,300x300 mm) 


^-«.,-«,(| + |j = 70 .,_ R 78 x r» + 075v 6Z5tt ^ 


Assume the dishutce from Ore concrete cover to the stirrup center hue is 35 mm 
X, - 300 -2 X 35= 230 mm 
Y 1 — 800 —2 x 35 = 730 mm 
P h = 2 X (X, + y t ) = 2 X (230 + 730) = 1920 mm 


A oh -x i .y t =230x730 = 167900 mm 2 

A ° = 0 ’ 85 4>* =°.85x 167900 = 142715 mm 2 
t =^sL- 1 67900 „„„ 
e Ph -1rn- =87Amm 

q:u - .... M ,u 62.5 xio 6 

2xA o *t c Yx14271s7sta~ 2 ' 5 N,mm2 



y i=730 


h~i 

X/=230 


B. Shear Stresses 

The critical section for shear is at d/2 

W “ 2 = 0 ' w M"n»e + 1 - 4 x DL *(B / 2) + l,6x LLx(B/2) + P u + 0.9x DLx(B /2) 

7.63 t ,.4x7.07x 1 .5 + 1 ,dx4x,.5 + 2.4 + 0.,x,.„ 7 x 1 .5,44.0, W /„. 


7? = HV 2iL( 6 -15 + 1.5) 2 /2 44.01 x(f< H j-| 5)2/2 

6.15 --- = 209.4 kN 


Q u = Jt ~ w u2*(^+4 


S..209.4 -44.0, 

a - Qu _ 186.3x1000 
“ bxd 300x750 -°- 828A?/ ^ 2 


w„ 2 = 44.01 kN/m' 


R=209.4 kN 
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Step 3.3.2: Check the adequacy of the concrete dimensions 


^max ”0.70 ^-=0.70x^— = 2.86<4.0 N/mm 2 
q,roax = 2.86 N/mm 2 


ht+ql 


4 0.828 2 + 2.5 ? = 2.63 < 2.86. ok 

Thus, section dimension is acceptable for shear and torsion 

Note: Since the section is very close to the maximum values, it is advisable to increase 
the beam cross-section. However, from the architectural point of view, smaller depth is 
preferable. 

Step 3.3.3: Reinforcement for shear 

The concrete shear strength q cu equals 

a =0.24,/— =0.98 N/mm 2 
V 1.5 

Since the applied shear is less than q cu shear reinforcement is not needed 

Step 3.3.4: Reinforcement for torsion 

9,nmin = 0.06 ps- = 0.06J-— = 0.24 N/mm 2 
V Yc V 1.5 

Since q tu (2.5)>q tunim (0.24) then reinforcement is required, and torsional concrete 
strength is neglected. Assuming spacing of 100mm, the area of one branch equals 


xs 


62.5 xl0 6 x 100 


2xA a x f / y s 2x142714x280/1.15 


- = 90 mm 


90x1920 

"280 

100 

,360 


-1343 mm 2 


Calculate the minimum area for longitudinal reinforcement A s i, n 


oaoj—a^, 


A si ,min 


4 x ft \fy* 

S [f. 
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There is a condition on this 

90 ^ 300 
100“ 6x280 " 0JC 


equation that -ail. > _ b 
s 6x f 

■> rs. 


0A0 \77 x 300 x 800 „ 

4. mi „ --^_ 90x1920 ^280 

360/1.15 100 360 

SinceA sl >A sl , min ... 0 . k 

Choose 8(j>16 (1600 nun 2 ) 



Step 3.3.5: IWorcement for combined sheer end torsion 

the area for two branches^2/t + a > d ,, 

shear and equ , ls + ^ ™ - »™ch for combined 

As(r + A st /2==90-K)=90 mm 2 

Choose <|> 12 nun (113 mm 2 ) (one branch) 

4mm = j: bxs= ^ mM 90 = 4ZS5 m m 2 (two branches) 

A st , min (one branch) = 42.85/2=21.4 mm 2 <113 mm 2 .o.k 
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Step 4: Design of column (Refer to Chapter 8) 

The column is subjected to compressive force in addition to bending resulted from the 
torsion load case of the beam. 

P u =209.4 kN 



Additional moment Original column 

The column is considered as case 1 (tbeam >t coiumn) at the top and case 3 (foundation) at 
the bottom in the in-plane and out of plane directions 

Hcoiumn =2.1= m, From Table 6-10 in the code for unbraced columns k= 1.6 
H= k x H column =1.6 x 2.1 = 3.36 m 

X = — = 3 1000 = 11.2>10—* additional moment is developed 

b 300 

^^. = 11^30=0.0188 
2000 2000 

M xU = P u x <5 = 209.4x0.0188 = 3.94 kN .m 

+M, kli =70.3 + 3.94 = 74.24 kN .m 
M to t(outofpian)= M u + M add = 0 + 3.94 = 3.94 kN.m 




fi = pxf cu xlO -4 =8.0x25x10^ =0.02>p mi „ 
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SHORT COLUMNS SUBJECTED TO 
CONCENTRIC COMPRESSION 



Photo 6.1 Reinforced concrete columns in a shopping center 

6.1 Introduction 

Columns are the most important structural element in buildings. A great number of 
structural failures are attributed to column failure. A plain concrete column can carry 
compression forces, however its ultimate Capacity is greatly enhanced by adding 
vertical bars. For normal ratios of reinforcement, the increase in strength due, to the 
addition of vertical reinforcement can range from 15-40 percent of the total carrying 
axial capacity. Lateral reinforcement or ties are added to provide support to the 
longitudinal bars and decrease the tendency of the bars to buckle out. They also 
prevent the concrete from expanding laterally due to Poisson’s effect and accordingly 
increase the concrete ultimate strain. Reinforced concrete columns are classified as 
tied or spiral depending on the lateral confinement type. 
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In actual practice there are no perfect axially loaded columns. Some percentage of 
eccentricity will occur due to the reduction of the size of the column from one floor to 
another or the misalignment of the column. Hence, a minimum longitudinal 
reinforcement ratio has to be provided to account for any stresses resulting from the 
eccentricity. 

Reinforced concrete columns are usually classified as short or long depending on the 
length to width ratio and end restraint conditions (refer to Chapter 7). The discussion 
in this chapter is limited to short columns either subjected to axial loads. 

6.2 Axially Loaded Tied Columns 
6.2.1 Behavior and Strength 

The failure of the tied column is usually initiated by the spalling (falling ) of the 
concrete cover followed by the buckling of the longitudinal bars due to the lack of the 
lateral support provided by the cover. The failure of axially loaded reinforced concrete 
columns is brittle with little or no warning. Up to approximately 80% of the total load, 
no sign of cracking appears. Suddenly vertical cracks start to appear with concrete 
cover failure leading to the collapse of the column. 

Since failure of columns is often sudden with a high potential for loss of life, columns 
are designed with a much higher safety factor than beams. Because perfect straight 
columns subjected to pure axial loading are subjected to the brittle failure mode, the 
Egyptian code increases the strength reduction factors for concrete and steel tol.75 
and 1.34, respectively. 

0.67 x f cu /y c 



Fig. 6.1 Strain and stress distributions for columns under axial loads 

When a column is subjected to axial loads, longitudinal strain develops in both 
concrete and steel. Because of the perfect bond between steel and concrete, the strains 
in the concrete and steel are equal. The total canying capacity of the column is the 
summation of concrete and steel contributions. At failure, all the steel reinforcement is 
assumed to reach yielding. Applying the equilibrium equation for the section shown in 
Fig. 6.1 gives 
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( 6 . 1 ) 


= 067 f^bt /,,*/>_ 

Yc Y* 

0.67 fj) t _ 0.383/".-. A. +0.75 A sc f v .( 6 - 2 ) 

1.75 1-34 

Where, A, is the area of ,h= cohere* and A sc is Ore total area of the Steel reinforcement. 

The previous behavior is applied for perfect f ■jf.* ^“ofe^'a 

almost do no, exist. Even for concenmcally toded ^lu^ost » 

minimum eccentricity to be considered in coin The ECP-203 

inaccuracies and uncertainties in the line of action or ax 
minimum eccentricity is given by Eq. 6.3 as follows 

, f0.05 1 .(6.3) 

e mi n = bigger of ^ 2() mm . 

10% giving the following equation 

P u — 0.35/ cu A c +0.67/ y A sc ... (6 ' 4) 


Photo 6.2 Olympic stadium in Berlin 
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6.2.2 Code Provisions for Tied Columns 


For short tied columns, the minimum vertical reinforcement is 0.8% of the 
required cross sectional area but not less than 0.6% of the chosen concrete 
area. 

* The maximum reinforcement ratio in columns is 

• 4% for interior columns 

• 5% for exterior columns 

• 6% for comer columns 

* The minimum vertical bar diameter is 12mm 

“ The minimum column dimension is 200 mm for both circular and 
rectangular columns. However, in practice, column dimensions are usually 
not less than 250 mm. 

■ Intermediate bars should be added if the column width is greater than 300 
mm as shown in Fig. 6.2. 

• The maximum distance between two bars supported by ties is 250 mm. 
The maximum distance between unsupported bars and supported bars 
is 150 mm as shown in Fig. 6.2. 

• The maximum vertical distance for ties is 15*the smallest longitudinal 
bar diameter but not more than 200mm as shown in Fig. 6.3. 

The minimum stirrup diameter is one quarter of the longitudinal bars but not 
less than 8 mm 

• The minimum stirrups volume is 0.25% of the concrete volume for one 
meter of the column. 

0 25 

V s =n xA sp xprimeter > x b xt xlOOO.(6.5a) 

V s =n xA sp xprimeter > 2.5 xb xt (mm 1 ) .(6.5b) 

where A sp is the area of the stirrups and n is number of stirrups per meter. 
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Fig. 6.2 Column Reinforcement Details 



















ISM 




Vertical bars (d tor ) 


Photo 6.3 Bridge column failure 


2: 


6.2.3 Splicing of Vertical Reinforcement 

For columns that are not used as a part of a lateral load resisting system, the 
reinforcement is spliced above each floor. Figure 6.4 shows lap details of the most 
widely used types in Egypt. The requirement for lap splice depends on the state of 
stress at ultimate state. If the column is subjected to combined bending and axial loads, 
tensile stress may occur and tension lap splice should be provided. For concentrically 
load columns, the ECP requires compression lap splice of 40 <t> for high grade steel 
and 35 <|> for mild steel. 

Column cross sections might change from one floor to another due to change in the 
axial applied force. Thus, the longitudinal bars may be discontinued or laterally 
displaced. The maximum allowable slope for the bars is 1:6 as shown in Fig 6.4.A. If 
the slope exceeds this limit the detail shown in Fig. 6.4.B-C should be followed. For 
columns subjected to high lateral forces such as those used in seismic regions, the 
splice is made at the mid-height of the column as shown in Fig. 6.4.D. 



A: Slope less than 1:6 B: Slope more than 1:6 



Sec. A-A Sec. A-A 

Spliced bars ffi 
Column reinforcement • 


C: Slope more than 1:6 


^ 150mm 



E 

E 


■A 


Fig. 6.4 Column lap splice requirements in structures with limited ductility 
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D: 


columns subjected to high lateral forces 



500 mm 

L o = bigger of Clear height / 6 

Column bigger dimension (t) 


^column I ^ 

8<D, . 

s B = smaller of ,0 "s®iudnai 

24 $, Muups 

150mm 


Fig. 6.4 Reinforcement ofcol„„„ s i„ duc „, c slructures s „ hjMrf (o 
large lateral force 
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Design steps for short columns (dimensions are not known) 

1) Assume Asc= 0.01 A 

Calculate P u =1.4 P DL +1.6 P LL 
Solve the column equation to find A c 
P = (0.35/„+0.0067/ r ) 

2) Calculate reinforcement area A sc 
Aye 0.01 Ac.requircd ''' 0.006 A sc c /j 0sen 

3) Design the stirrups diameter d s and spacing s 

Check that d, > 8 mm > d har /4 (biggest bar diameter) 


Check that s < 200 mm <15 d/, ar (sir 

4) Check that stirrups volume > 0.25% 

nx A sp x primeter > 2.5x6xf (mm 3 ) 


(biggest bar diameter) 
(smallest bar diameter) 


Note: In some cases, and due to architectural requirements, the cross-section of 
the column could be limited to certain dimensions. Accordingly, the designer 
has to provide the amount of longitudinal reinforcement that satisfies the 
strength requirement. If such amount might case a difficulty in casting the 
column, the designer could specify a higher concrete strength. 


Design steps for short columns (dimensions are known) 

1) Solve the column equation to find A sc 
P u = 0.35 f cu A c + 0.67 / A se 


2) Check that 


A yrcC Ay, 


and A sc < A sc max 


3) Design the stirrups diameter d s and spacing s 

Check that d s > 8 mm > d bar !4 (biggest bar diameter) 

Check that s < 200 mm <15 d bar (smallest bar diameter) 

4) Check that stirrups volume > 0.25% 


nx A x primeter > 2.5 xbxt (mm 3 ) 











































Example 6.1 

Design a tied column that is subjected to the following axial compression loads 

P DL = 1057 kN 
Pll = 400 kN 

The material properties are as follows: 

feu = 35 N/rnrn 2 
f y =400 N/rnrn 2 


Solution 

Step 1: Calculate column dimension 

Calculate the ultimate load 

p u = 1.4 P Di +1.6 P u = 1.4x1057 + 1.6x400= 2119.8 W 

Assume A sc = 0.01 A c 

P u = A c (0.35 /„+ 0.0067 f y ) 

2119.8 x 1000 = A c (0.35 x 35 + 0.0067 x 400) 

Ac = 141982 mm 2 


Assume column width b of 250 mm, then column thickness t equals 



141982 

250 


= 568 mm 


t= 600 mm 


Step 2: Calculate reinforcement area 

A se =0.01 A c ,required >0.006 A c ,chosen 


A sc =0.01x 141982 = (1419 mm 2 ) > 0.006 (250 x 600) ok. 
Choose 8 d> 16 (1608 mm 2 ) 


Step 3: Calculate stirrups 

Chose stirrup diameter of 8 mm (>16/4) and spacing of 200 mm <(16 x 15) 

Choose 5 <j> 8 /m' 

Assume concrete cover of 25 mm from each side, the dimensions of the stirrups equal: 
Stirrup A (200 x 550) Stirrup B (200 x 250) 

The perimeter of the center line of the stirrups 
p = 2 x (200 + 550) + 2 x (200 + 250) = 2400 mm 
The volume of the stirrups in 1 meter equals 

Noting that we have 5 stirrups per meter and A sp for <j> 8mm =50 mm 
V = 2 5x250x600 = 375 xlO 3 mm 3 

' s ,m:n 

j V =n *A sp x.p =5x50x2400 = 600x10 mm >V sm \„ . °-^ 


To bar CL 


600 mm 
200 


_ 25 mm to CL of bar 

25 mm cover 
5 $ 8/m' 


To stirrup CL 





1 i 

^ -- 

L b . 

> 
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Example 6.2 

Calculate the maximum and the minimum loads that an interior column can carry 
according the following data: 

Column cross section (250 mm x 800 mm) 
f cu = 30 N/W 

fy =360 N/mm 2 

Solution 

Since the column dimensions, material properties are given, the only variable is the 
reinforcement area. 

The maximum area steel for interior column is 4% thus A sc equals 
A srma = -±x 250x800 = 8000 mm 2 —x (18 25) 

P u = 0.35 f cll A c +0.67 4 A sc 

P u {0-35 x 30 x 250 x 800 + 0.67 x 360 x 8000} = 4029.6 kN 

“■ m “ 1000 1 

The minimum area of steel for a column is 0.8% of the required area 
A sc , min = x250x800 = l600 mm 2 - (8 <D 16) 

P u = 0.35 f m A.+ 0.67 f y A x 

P„ i—{0.35 x 30 x 250 x 800 + 0.67 x 360 x 1600} = 2485.92 kN 

“• mm 1000 



Column with maximum reinforcement Column with minimum reinforcement 
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6.3 Axially Loaded Spiral Columns 

“SSKZ,tS!.%K — “ 

column is called a spiral column. 



Photo 6.4 Spiral reinforced concrete column 


shown in Fig. 6.5. 



Fig. 6.5 Behavior of tied and spiral columns 
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Deformation 







S-ec2velv y im Stl rr 0f the Spiral and the Vertical bars conflne Ae concrete ve,y 
, AS a re u sult ’ u the concre te cover will spall off but the core will continue to 

enhancemenRcff the compressive s^rM^^pn^uced^by'^^iral^Th^spaHin'g of the 

RCpTnf 118 th r di f r f ce bet ™ the failure modes of tied and spiral columns the 
?™J 03 fPf CI 5 es < refer Eq. 6.6) an additional increase of apprLmatelyT^ t 
the ultimate load capacity than regular tied columns Eq 6 4 Pproxlmatel y 14/ ° m 



Fig. 6.6 Spiral reinforcement details 

£ va^es^Thf&sfvaW 6 ^ 3 SP ' ralIy loaded colui ™ is the smaller of 

concrete ls?La i Th ^ h Y ^ 66 15 baSed ° n 1116 axial ca P a ^ of the 
oncrete poss area A c . The second value given by Eq. 6.7 considers the confining 


effect of the spiral on the core strength 

p . -0-4/. 4+0.76/, A„ ..... (66) 

p . -0-35/. A„ +0.67/, ..(6.7) 


where 

A k is the area of concrete core enclosed by spiral stirrups 

ftp is the spiral reinforcement ratio 

p is the pitch of the spiral stirrups 

f yp is the steel yield strength of the stirrups 

A sc is the area of the vertical steel 

^ ~ 4 ^ A k =—Dl D k =(D-cover) 
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( 6 . 8 ) 



..(6.9) 

( 6 . 10 ) 

( 6 . 11 ) 


The designer assumes a cross sectional area for the rebar used as spiral (8mm or 
bigger diameter) and computes the required pitch. The pitch used must be within the 
limitations of the ECP 203 of 30 mm to 80mm. If the required pitch is less than 30 
mm, a bigger diameter should be assumed. On the other hand, if the calculated pitch is 
greater than 80mm, a decrease of the spiral diameter or the use of the same diameter 
but with spacing of 80 mm should be considered. 

The minimum area of the longitudinal steel for spiral columns is more than that for a 
tied column, and is related to both the gross and core cross sectional areas of concrete, 
and is given by 


A, ro [ n = the maximum of 


0.01 A e 
0.012 A k 


{gross area) 
(core area) 


( 6 . 12 ) 


6.3.2 Minimum Spiral Reinforcement 

The ability of the confined concrete to carry additional loads is attributed to the lateral 
pressure developed on the concrete core by the heavy coils of the spiral. Experimental 
tests proved that concrete axial compressive strength increases to the order of 4.1 times 
the applied lateral pressure. The spiral column is designed so that the increased 
capacity of the core due to spiral lateral pressure f 2 equals the loss that may occur if the 
concrete cover spalls off as shown in Fig. 6.7. Thus, the capacity of the column 
without applying the strength reduction factor equals, 


4.1/ 2 xA k = 0.67 x/ cu (A c - A k ) 


(6.13) 
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Noting that A k = n D 2 k /4 


D k ) = 0.33 xf cu (A c - A k ) 
P x 


i . „ 71 A D “ 

but y sp , mm =—-— 


Rounding some numbers, Eq. 6.17 can be put in the following form 


V ■ = 0.36x^-(A-A k ) 

sp,m in r ••J' c . ' 

J ysp* 


f T A 

a . = 0.36x x .-^-1 

r*sp,mm r A 

yj ysp J \ k 


The previous equation is the ECP 203 equation for minimum stirrups. 

6.3.3 Code Provisions for Spiral Columns 

• The minimum area of steel is 1 % of the gross sectional area but not less than 
1.2 from the core area. 

• The minimum spiral bar diameter is 8 mm • 

• The maximum pitch for a spiral column is 80 mm and the minimum is 30 mm. 


p=30-80 mm 



Minimum spiral 
diameter is 8 mm 


(200 mm) min 


Fig. 6.9 Spiral column code requirements 


239 













Design Steps 

/. Assume A sc = 0.01 A c 

2. Solve the first equation to find A c 
Calculate P u = \AP DL +1.6 P u 

P u = A e (0.4 /. +0.0076/,) 

3. Solve the second equation to get V sp 

P u =0.35 f m A k +0.67/, ^ + 1.38x/„F„ 
if F jp —ve use V spM „ 

4. check V. n ml „ 


= 0-36 


[A c ~A k ] 


5. calculate the pitch (p) using 



. * A sp D t 


if p > 80 mm use p = 80 mm 

ifp< 30 mm increase spiral area (A sp ) and recalculate p 


Note: In some cases, and due to architectural requirements/the cross-section of 
the column could be limited to certain dimensions. Accordingly, the designer 
has to provide the amount of longitudinal reinforcement that satisfies the 
strength requirement. If such amount might case a difficulty in casting the 
column, the designer could specify a higher concrete strength. 
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Example 6.3 

Design a spiral column to support an unfactored dead toad of lSO^kN and an 
unfactored live load of 700 kN. The material properties are/„-25 N/mm , J y 
N/mm 2 ,/ yp =240 N/mm 2 

Solution 

Step 1: Determine cross section and A sc 

p u =1.4 p DL +1.6 P u =1.4x1500 + 1.6x700 = 3220 kN 

The most economical percentage of steel p is 1% to 1.5%. Assume that p- 1 /o, 
substitute in equation to find the area of the cross section as first trial. 

P.-OAf^A,+0.76 f,A M 

3220 x 1000 = 0.4 x 25 xA c + 0.76 x 240 x (0.01 A c ) 

A c = 272327 mm 1 



D = 588.84 mm 

The nearest round number is 600 mm. Assume that the concrete cover is 25 mm then 
the core diameter Du equals 
D k =600-50 =550 mm 

The area of the concrete, A c = — D 1 = — 600 2 = 282743 mm 


The area of the core, A k =_ J 55 ° 2 ~ 237583 mm 


A s mill = the maximum of 


0.01 /1, =0.010x282743=2827 mm 2 

0.012 A t =0.012x237583 = 2850. mm 1 


J 


A s = 0.01 A c = 2827.43 mm 2 <A smi „-> use A sc =A smi „ 

A ^2850 mm 2 

Choose 12 4* 18 (3053 mm 2 ) 
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Step 2: Determine spiral reinforcement 

Applying in the second equation to determine the volume of the spiral (V sp ) 
P u =0.35.4 A k +0.67 4 4 +1-38 xf )v V sp 
Note that A sc chosen will be used 

3220 x 1000 = 0.35 x 25 x 237583 + 0.67 x 240 x 3053 +1.38 x 240 x V sp 
= 1963 mm 2 
Check that V sp > V sp , m ,„ 

n„ mi „ = 0.36 [A c - 4 ] = 0.36 [282743 - 237583] 



Step 3: Design of spiral 

Assuming that bar diameter of the spiral is 8 mm, A sp = 50 mm 2 .Use the following 
equation to determine the stirrup pitch p 

_ * 4 „ D k 


«-x50x550 

p =-= 44.2 mm 

1962 

Round to the smallest pitch p=40 mm 
p<80 mm and p >30 mm .. ..o.k. 
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Example 6.4 

Determine the ultimate load that can be supported by a spiral a 

section of 800 mm with minimum area of steel required by the - P = 
reinforcement is <(>10 every 50 mm. The material properties are f cu -30 N/mm , 4 


360 N/mm 2 J yp =240 N/mm 2 


Solution 

Step 1: calculate section properties 

Calculate the cross sectional area of the column 


-D 1 = — 800 2 = 502655 mm 2 
4 4 


D k =800-50 =750 mm 


A = -£>? = -750 2 = 441786mm 2 
*44 

The area of the reinforcement equals 


A x = bigger of 


0.014 0.01x502655 = 5026 mm 2 

0.012 4 0.012x441786 = 5301 mm 2 J 


A sc =5301 mm 2 

Step 2: calculate ultimate load 

Substitute in the first equation 

P u =0.4 4„ 4+0.76 4 A sc 

p u = (0.4 x 30 x 502655 + 0.76 x 360 x 5301) /1000 

P = 7482 kN 2 

Calculate the volume of the spiral, for (|)10 mm A sp - 78.53 mm 

V 

P 

v 78.53x750 _, 7m mm 2 

* 50 

Applying in the second equation to determine the second ultimate load 


P u =0.35 4,, 4 +0.67 4 4c +1 -38 V 4 jj V m 
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6.4 Design of Composite Columns 

The use of composite columns has become increasingly popular in high-rise buildings 
construction due to several advantages such are. 

1- Significant saving in material and construction time. 

2- Smaller cross section and higher strength to weight ratio than conventional 
reinforced concrete columns. 

3- Inherent ductility and toughness that can be useful in resisting lateral loads. 

4- Higher load carrying capacity due to the composite action of steel and concrete. 
Furthermore the confinement of the outer shell in case of in-filled columns, 
increase the compressive strength of concrete. 

Composite columns can include concrete filled into FRP shell (fiber reinforced 
plastics) or into steel pipe. The ECP-203 defines composite columns as compression 
members reinforced longitudinally with one of the following (refer to Fig. 6.10). 

1- Internal structural steel shapes. 

2- External steel pipe. 

3- External steel tubing. 

6.4.1 Design Guidelines 

1 Forces required to be resisted by concrete in the composite member shall be 
transmitted to concrete through direct bearing on concrete. Bearing strength 
should be checked in accordance to clause (4-2-4-1) or clause (5-6) of E - 
203. All forces not directly transmitted to the concrete should be transmitted to 
the steel section through connections attached to the steel sections. 

2. Interaction diagrams for composite columns subjected to eccentric compression 
force can be developed in a manner similar to that followed for regular 
reinforced concrete columns. 

3. All axial load strength not assigned to concrete of a composite member shall be 
developed by direct connection to the structural steel shape, pipe, or tube. I his 
achieved through welding of shear connectors (small steel pieces) to the steel 
shape or pipe before casting the concrete. 

4. The maximum yield strength of the structural steel core shall not exceed 350 
N/mm 2 . 

5. Spiral reinforcement pitch and diameter should confirm to that mentioned in 
non-composite reinforced concrete columns. 

• p = 30-80 mm 

• (f>>8mm 
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6 . The ratio of the longitudinal reinforcement (//) shall not be less than 1% and 
not more than 6% of the net area of the cross section as follows: 

U= - . > 1 % 

A g -A, 

< 6 % 

A f — A sc + A ss 

Where A g is the gross cross sectional area, A sc is the area of the reinforcement 
and A ss is the structural steel area. 

7. The moment of inertia of the longitudinal reinforcement may be added to the 
structural steel moment of inertia as follows 

h =4 +4 

4 C =moment of inertia of the longitudinal steel. 

I„ = moment of inertia for the structural steel about the centroid. 


8 . The slenderness ratio of the composite column maybe evaluated using the radius 
of gyration given by the following equation: 


r 


\(E c I g /5) + E s I t 
(E c A g /5)+E s A, 


( 6 . 20 ) 


A g = gross area of the cross section 
A t = total area of steel (A sc +A ss ) 

E c = Young’s modulus of concrete —*E C = 4400 yjf^ 

E s = Young’s modulus of the structural steel (=200000 N/mm 2 ) 

I g = moment of inertia of the concrete section about the centroid neglecting the effect 
of the reinforcement 

4 = moment of inertia of the structural steel and reinforcement (I sc +I ss ) 


In reinforced concrete columns subject to sustained loads, creep transfers some of the 
load from the concrete to the steel, increasing the steel stresses. In the case of lightly 
reinforced columns, the load transfer between concrete and steel may cause the 
compression steel to yield prematurely (too early), resulting in a loss of the effective 
El due to creep in both steel and concrete. However, For heavily reinforced columns or 
for composite columns in which the pipe or structural shape makes up a large 
percentage of the cross section, the load transfer due to creep is not significant. 
Accordingly, in Eq. (6.20) only the term El of the concrete is reduced for sustained 
load effects. 
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^Internal I-beam + steel reinforcement d)Internal angles + steel reinforcement 


Fig. 6.10 Examples of composite columns. 
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6.4.2 Types of Composite Columns 

6.4.2.1 Structural steel confining concrete core 

Structural steel confining concrete core should have a wall thickness large enough to 
reach yield stress before buckling outward. The ECP-203 requires that for a composite 
member with concrete encased by structural steel tube or pipe, the thickness of the 
steel wall shall be not less than: 

For rectangular column with width b, the minimum thickness for each face as shown 
in Fig. 6.10 is given by 



For circular columns with diameter D 

( 6 . 22 ) 

Where E s is the modulus of elasticity of external steel casing. 


Capacity of columns with ordinary stirrups 

The capacity of the encased concrete columns subjected to axial load with 
minimum eccentricity (e < e min ) equals to: 

P u =0.35/ c „ A c +0.67 +0.67/,„ A„ .....(6.23) 

Where: 

fyss = Steel yield strength of the outer steel tube or pipe. 

f ysc = Steel yield strength of internal steel vertical reinforcement. 

A ss = Cro* sectional area of the outer steel tube or pipe. 

A sc = Cross sectional area of the internal vertical reinforcement. 
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* Capacity of circular columns with spiral reinforcement 

The capacity of circular composite columns that are laterally confined is given 
by: 

P u = 0-40/„, A c + 0.67 /,„ A ss + 0.76 f ysc A sc .(6.24) 

Where: 

f yss = Steel yield strength of the internal structural steel shape. 
f ysc = Steel yield strength of internal steel reinforcement. 

A ss = Cross sectional area of the internal structural steel shape. 

A sc = Cross sectional area of the internal reinforcement. 


In such a case, the amount of the spiral reinforcement should satisfy the 
minimum requirements given by the following equations: 

V = 7r Asp D -->V .(6.25a) 

Y sp p 3/7 ,mtn v 

|K-+] . (6 ' 25b) 

V yp 

A = —Z> 2 A k = —D t 2 D. k ={D - cover) 

« 4 k 4 k * 

where 

A c is the gross cross sectional area of the column. 

A k is the area of concrete core enclosed by spiral stirrups. 

A sp is the cross sectional area of the spiral stirrups. 

V sp is the spiral reinforcement volume. 

p is the pitch of the spiral stirrups. 

f yp is the steel yield strength of the stirrups. 
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6.4.2.2 Concrete surrounding Structural Steel Core 

To maintain the concrete around the structural steel core in composite columns, it is 
reasonable to require more lateral ties than needed for ordinary reinforced concrete 
columns. The yield strength of the structural steel core should be limited to prevent 
separation of the concrete. It has been assumed that axially compressed concrete will 
not separate at strains less than 0.0018. According to the ECP-203 yield strength of 
350 N/mm 2 represents an upper limit of the useful maximum steel stress. 

The axial capacity of the composite column with concrete surounding the structural 
steel core may be calculated according to the type of ties as follows: 

• Ordinary stirrups surrounding structural steel core 

In case of using ordinary stirrups, the following requirements should be 
satisfied: 

1. The diameter of stirrups shall not be less than 8 mm and shall completely 
surround the structural steel core. 

2. Stirrups shall have a diameter not less than 0.02 times the greatest side 
dimension of the composite member but not more than 16 mm. 

3. Vertical spacing of stirrups shall not exceed (160) longitudinal bar diameters. 

4. A longitudinal bar shall be located at every comer of a rectangular cross 
section, with other longitudinal bars spaced not more than one-half the least 
side dimension of the composite member or 150 mm. 

The ultimate carrying capacity of the column is calculated by 

P u = 035f m A c +0.67 A ss + 0.67/^ A sc .(6.26) 

Where: 

f yss = Steel yield strength of the internal structural steel. 

f ysc = Steel yield strength of the longitudinal steel reinforcement. 

A ss = Cross sectional area of the internal structural steel. 

A sc - Cross sectional area of the longitudinal reinforcement. 
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. spiral reinforcement surrounding structural steel care 

Concrete that is la.et.il, confined b, spiral reinfo,cement has increased load- 
carrying strength. 

In case of using spiral reinforcement, the capacity is given by: 

P u =035 fa, A k +0.67 f yss A ss +0.67 f ysc A sc + l38f )v V sp . ( 

Where. strength of the internal structural steel shape. 

f = Steel yield strength of internal steel reinforcement. 
f SC = Steel yield strength of the spiral stirrups. 

'?• = Crosssectional area of the internal structural steel shape, 

t - Cross sectional area of the internal reinforeement. 

v = Spiral reinforcement volume. 

The amount of the spiral reinforcement should satisfy the minimum 
requirement given by the following equation: 

nA sp D k .(6.28) 

sp p p 

Where V sp . min is determined from Eq. 6.25. 

The designer assumes a cross sectional areaTor ^sed must be 

bigger diameter) and computes ® ^ 80mm ). If the required pitch is 
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Example 6.5 

subjected to ^ ^ 3 °° if 

Pdl = 1450 kN 
Pll = 760 kN 

The material properties are as follows 

feu =35 N/mm 2 

fysc =360 N/mm 2 

fyss =300 N/mm 2 


Solution 

Step 1: Calculate column dimension 

Calculate the ultimate load 

p u =T4 P DL +1 -6P U =1.4x1450 + 1.6x760 = 3246 kN 
The cross sectional area of DPE 300=5380 mm 2 
The axial capacity of a composite column is given by 
P » = 0 - 35 fa, A +0.67 'f ysc A sc +0.67 f yss A ss 
Assume A sc = 0.01 A c , thus 
p u =A c \0.35f m + 0.0067/ yjc )+0.67 f yss A ss 


3246 x 1000 = A c (0.35 x 35 + 0.0067 x 360 ) + 0.67 x 300 x 5380 
Ac = 147635 mm 2 

Assume column width b of 250 mm, then column thickness < equals 



147635 

250 


- 590.5 mm 


t= 600 mm 


Step 2 : Calculate longitudinal reinforcement area 

fc =0.01 A c 


fc = 0-0lx 147635 = 1476 mm 2 


Choose 16 <» 12 (1810 mm 2 ) 

The maximum horizontal spacing between the vertical bars equals 
J> _ 250 

~2 2 ~mm < 150mm ok. 
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• The ratio of the longitudinal reinforcement p should not be less than 1 % and 
not more than 6% from the net cross section 

a = A *— > 1 % 

A c - A , 

A =A . +A =3054 + 6260 = 9314 mm 2 

^ sc chosen ss 

U =_-= 1 . 12 % > 1 %.a* • 

^ 282743-9314 

< 6 % ..../>* 

Step 2: Determine spiral reinforcement 

Applying in the column equation to determine the volume of the spiral (V sp ) 

P u = 0.35 f m A t +0.67 f ys A ss +0.67/ yre A sc +l38f rp V sp 

Note that f yss =400 N/mm 2 , however, according to the ECP-203, the maximum usable 

structural steel yield strength is 350 N/mm" ■■ f yss 350N/mm 

5308 x 1000 = 0.35 x 25 x 237583 + 0.67 x 350 x 6260 + 0.67 x 360 x 3053 +1.38 x 240 x 


V sp = 3094 mm 


Check that V sp > ^sp,min 


y,„, - 03 V- - X, ]-036 (^j) [2S2743 - 23V5S31 

v yp / 


V = 1694 mm 2 <K,„. o.k 

r sp ,mm ™ 


600 mm 


550 mm 


f J > 

L —L J/ 
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DeZ^pMcomposite cotann with an pipe •» support an unf.cored dead 

load of 2400 kN and an unfactored live load of 1500 kN. 

The material properties are as follows 

f cu =25 N/mm 2 

f ysc =280 N/mm 

f =240 N/mm 

fyss = 350 N/mm 

Solution 

Step 1 • Determine cross section and A sc 

p _ l .4 P DL +1.6 P LL = 1.4 x 2400 + 1.6x1500 = 5760 kN 

According to the ECP-203, the minimum thickness of the pipe equals 



Thus minimum area of the pipe equals 



Assume that the reinforcement ratio p for the vertical bars- 1% 

P u =0.40 f m A c +0.67 f yss A ss +0.76 f, sc A sc 

5760 x 1000 = 0.4 x 25 xA c + 0.67 x 350 x 0.059 x A c + 0.76 x 280 x (0.01 A c ) 

A c = 221850 mm 1 A C =^D 2 

D = 531 mm ->^D=550 mm 

Assuming that concrete cover is 25 mm then the core diameter D k equals 
D k =550-50 =500 mm 

The area of the concrete, d, =237583»«- 

The area of the core, d, -Id," -§500 t .196350mm" 

A sc = 0.01 A c = 2376 mm 2 >1.2% ofu4* (2356 mm )....ok 

1=2376 mm 2 -+-~ Choose 12 j> 16 (2413 mm 2 )_ 
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Step 3: Determine the Pipe thickness 


? min - D 



/ 8x200000 


- 8.13 mm 


• Take t— 9 mm 


A * ~ nDt =7rx550x9 = 15551mm 2 


^ sh “ u “ - « - 

m=~ — ~->i% 

A * ~ A , 


A , -A sc +A SS = 2413 + 15551 = 17964 mm 2 
,, _ 2413 

237583-17964 ~ U% ~ 1% . ok ■ 

< 6 %....ok 


Step 3: Determine spiral reinforcement 

to cSf ^ Sh0U ‘‘ I bC ,h ” ,h ' “spiral reinforcement specified by 

/a. N 


^' min =036 (/“ = 036 [237583- 196350J 


^sp.min - 1546.3 mm 2 


equation to detemiiMSS^^SeJp 81 * § ^ ^ 5 ° D ™ 2 ' Use the foll °wing 


, * A sp ° k 


_ /rx 50x500 
~15463~ = 50 - 8mm 


Steel pipe of 
/ thickness 9 mm 


Round to the smallest pitch p=50 mm 
P<80 mm and p >30 mm ....at 


08 at 50 mm j 
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6.5 Calculation of Axial Loads on Columns 

The axial load on a column is the sum of the total loads that comes from all structural 
elements such as beams, slabs, and walls. There are two approaches for calculating the 
axial loads on columns namely, the area method and the reaction method. 

6.5.1 Area Method 

The first method is the area method in which the column is assumed to carry loads 
acting on an area bounded by the centerline of the previous bay to the centerline of the 
next bay in both directions as shown in Fig. 6.11. This method is very effective in 
calculating loads on columns with a symmetrical layout or on columns with flat slab 
floors. 


i i t i 



Fig. 6.11 Calculations of column load using area method 


This method can be used for floors containing projected beams. The reaction is 
calculated by ignoring the effect of continuity and treating every beam as a simple 
span. This method should be limited to plans with nearly equal spans. The effect of 
continuity at point B can be implemented by multiplying the reaction by 1.1 as shown 
in Fig 6.12. 
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w 



w Li/2 w (L 2 +Li) M< LJ2 


Fig. 6.12 Effect of continuity on the calculation of column load 


However, this method may lead to serious errors in buildings where large differences 
exist in the adjacent spans either for flat slabs or slab beams floors. This is attributed to 
neglecting the effect of continuity especially for unequal spans. For example, the 
reaction on column B (shown in Fig. 6.13) when calculated by the area method gives 
80 kN whereas the reaction obtained from the structural analysis equals 126 KN (about 
57% eiTor) 


20 kN/m' 20 kN/m' 



20 kN 80 kN 60 k.N 14kN 126 kN 4SkN 

(tension) 

Area method Exact analysis 


Fig. 6.13 Comparison between area method and exact analysis 
(where the use of area method is not recommended) 
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6.5.2 Reaction Method 

This method depends on the exact structural analysis of the structure either using a 
computer analysis program or classical structural analysis. The reactions are calculated 
from the shear loads. When using the computer, the whole structure is modeled and the 
reactions are obtained from the final solution. For hand caiculations, thestructure is 
divided into individual beams and the reaction of each beam should be added to give 

the final column load. . .. , 

The self-weight of the column should be added to these reactions or can be estimated 

as 5-10% of the column load. 





7 _ 

DESIGN OF SECTIONS SUBJECTED TO ECCENTRIC 
FORCES 


Photo 7.1 The bridge over Suez canal 



7.1 Introduction 

This chapter deals with the analysis and design of cross sections subjected to axial 
loads and bending moments. Concrete sections may be subjected to eccentric 
compression or eccentric tension. The eccentricity of the load could be m one 
direction “ uniaxial" or in two directions biaxial . 
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The behavior of the sections under combined axial compression loads and bending 
moments depends on the magnitude of the moment M u and the axial force P u . If M u is 
relatively small compared to P u , the eccentricity e will be small and the section will be 
subjected to a small eccentricity. In this case, most of the section will be in 
compression and column behavior will dominate. On the contrary, if M u is large the 
eccentricity e will be large enough so that the normal force will be outside the cross 
section and the section will be subjected to a big eccentricity. In this case, the near side 
of the section will be subjected to compression and the far side will be subjected to 
tension, and beam behavior will dominate. The combination of an axial load P u and 
bending moment M u is equivalent to a load P u applied at eccentricity e =M U /P u as 
shown in Fig. 7.1. 



(a) Axial load and moment (b) Eccentric Load (c) Eccentric Load 


Fig. 7.1 Representation of axial load and bending moment 
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7.2 Interaction Diagrams 

7.2.1 Definition 

The interaction diagram or "the failure envelope ” of a reinforced concrete cross- 
section contains the different combinations of M u and P u that result m the failure of the 
cross section as shown in Fig. 7.2. Thus, an interaction diagram is a graphica 
representation of all possible combinations of axial loads and bending moments that 
cause failure for a given cross-section. In order to develop the interaction diagram, one 
has to know the concrete dimensions of the section, the longitudinal reinforcement,/™ 

and f y . 

Developing the interaction diagram of a reinforced concrete cross-section can be 
achieved through the application of: 

1. Compatibility of strains. 

2. Equilibrium of forces and moments. 



Fig. 7.2 Interaction diagram of a reinforced concrete cross section 
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7.2.2 


Modes of Failure 


Fig. 7.3 presents a series of strain distributions and the resulting points on the 
interaction diagram. The state of stress developed in the concrete and steel controls the 
type of failure. These modes are explained as follows 

7.2.2.1 Compression failure mode 

Point A corresponds to the case of pure axial loading and point A' represents the case 
of axial loading with code minimum eccentricity (i.e. e/t=0.05). Point B represents the 
case of compression failure mode where the concrete reaches its ultimate strain of 
0.003 and the tension steel does not yield. This failure mode is brittle, as the column 
fails as soon as the concrete compressive strain reaches 0.003 without large 
deformations or sufficient warning. Accordingly, the Egyptian code increases the 
strength reduction factors for concrete and steel for such modes of failure. 

This mode of failure belongs to columns with a relatively small bending moment. 


0.002 



Fig. 7.3 Modes of failure for a section subjected to eccentric forces 
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7.2.2.2 Balanced Failure Mode 

tension steel reaches (£/U5) (point C)- than the balanced load P ub cause 

the section occurs f'd loadslm^ler than the balanced load P ub cause tension failure. 

STo^ 


690 +/,. {N I mm 1 ) 


7.2.2.3 Tension failure mode 

This is represented by point D on ^Sn^strSVis', dnetile 

larger than the yield strain and dre steel wdl ™ch , eformatlons befo „ 

mode of failure since the sectio before the complete collapse. This 

Point F corresponds to the section anal tension 

section capacity under the combined atari t‘1 affc 

and steel stress can be established from Eq. • 


Compression F ailure 

fs < f y /?s ( steel did not yield ^ 


if P u >P» b 


M u <M uh 

y s >1.15 and y c S: 1.50 


Tension Failure 
/, =f y /Ys( steel yields) 


if P U <P» 6 


M u <M ub 

y s =1.15 and y c =1.50 
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Table 7.1 Steel stresses according to the type of failure 



Tension steel stress 

Compression steel stress 

Tension failure 
Pu<Pub 

yields, f — f v /l.15 

yields ,f' s =f y /1.15,or 


c — 

does not yield f' = 600- 

c 

Compression 


yields,/' =f y /%, or 

failure 

P i it>Pub 

does not yield, f s = 600- 

c 



7.2.3 Development of the Interaction Diagram 

In this section the relationships needed to calculate different points on the interaction 
diagram are derived using the principles of strain compatibility and equilibrium of 
forces. The procedure followed to obtain a point on the interaction diagram is as 
follows: 

• Concrete strain at the outermost stressed fiber of the section is assumed to 
be equal to 0.003. 

• Because it is difficult to solve the equilibrium equations for a specific axial 
load and bending moment, the neutral axis distance c is usually assumed and 
the developed forces and moments in the concrete and steel are evaluated as 
shown in Pig. 7.4a. Incrementing the neutral axis distance for enough points 
gives the interaction diagram as shown in Fig. 7.3. 

• According to the ECP-203, the strength reduction factors change depending 
on the applied eccentricity ( mode of failure) and are given by 

’'.-■KrfH...: <7,3) 

n =1.15x^-^j>1.15 .(7.4) 



Fig. 7.4a Strain and stress distribution eccentrically loaded sections 
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• Steel strains in both compression and tension steel are calculated using 
similarity of triangles. The developed stress using the computed strain is 
checked to ensure the yielding of the steel. Noting that Young s steel 
modulus equals 200,000 N/mm, the stress m the tension steel is obtained 
using the following compatibility equation 

f =E x0 003 x^Y£ = goo—- (tension if positive).(7.5) 

J1 * c c Y s - 



Similarly, the stress in the compression steel equals 



(compression if positive) 


(7.6) 


The values of strength reduction factors and steel stresses are illustrated in 
Fig.7.4b. It is clear from this figure that/,=//!. 15 if the point ism the ductile 
failure mode (below the balanced point) and Eq. 7.5 should if the point m t 
brittle failure zone (above the balanced point). 
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The equivalent stress block distance (a) is assumed to be equal to 0.8c as 
permitted by the code, and the corresponding concrete force is evaluated. The 
total axial capacity is given by the following equilibrium equation 

P. =C c +C S -T ...(7.7a) 


. 0-67/^ b (0.8c) 




• For symmetrical sections, the bending moment capacity of the section is 
obtained by taking the moment of the individual forces about the c.g as 
follows 


M _ -0.67/rc, b (0.8c) _ 


+^xfs' h-d' \+A s xfA~d'\ (7.8) 


• It should be clear to the reader that the corresponding bending moment can 
be computed at any point in the cross-section similar to the case of pure 
bending, but with one major difference in that the axial load is located at the 
c.g along with the bending moment. Thus, if the bending is calculated at any 
point rather than the c.g (or plastic centroid in case of unsymmetrical 
sections), the normal force should be included. For example, the bending 
moment at point “o” in Fig. 7.4 equals 


r c 2 


An example of an interaction diagram obtained using the aforementioned 
procedure is shown in Fig. 7.8. 
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7.2.4 


Plastic Centroid 


Most of reinforced concrete columns are symmetrically reinforced. However in the 
cases where the eccentricity is large, it is more economical to place most of e 
reinforcement on the tension side. In reinforced concrete sections with unsymmetrical 
reinforcement the load must pass through a point known as the plastic centroid. The 
plastic centroid is defined as the point of application of the resultant force(p up )when 
the column is compressed uniformly to the failure strain. Eccentricity must be 
measured with respect to the plastic centroid as shown in Fig. 7.5. lhe strength 
reduction factors y c and y s are taken as 1.75 and 1.34 receptively 

For symmetrically reinforced sections, the plastic centroid coincides with the center of 
gravity. The procedure for calculating the plastic centroid is illustrated in example 7.2 



Fig. 7.5 Plastic centroid for sections with unsymmetrical reinlorcement 



Photo 7.2 Unconventional support for a Multifamily Building -Warsaw 
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Example 7.1 

Calculate the balanced load and balanced moment for the section shown in figure 
knowing that the material properties are 
f cu =35 N/mm 2 

f y =400 N/mm 2 


50 mm I I 300 mm 


• • A' s =1800 mm 2 


1 ... 


A s =1800 mm 2 


Solution 

Step 1: Calculate Cb 

The position of the neutral axis position at balanced failure is given by 
690 , 690 „ 

c * _ Ton ———800 = 506.42 mm 

690 + f y 690 + 400 

a b = 0.8xc =0.8x506.42 = 405.14 mm 

Assume that y c =1.5,y s =1.15 (e/t>0.5) (will be verified later) 

f' = 600 ~~ = 600 = 540.76 N/mm 2 » —. steel yields 

c h 506.42 . 1.15 7 


f , 400 
Js 1.15 

Step 2: Calculate the forces 

C - 0 61 feu xbxa h 0.67x35x300x405.14 1 


1900.1^ 


C.-4xi, 18 ooA_L,62<UW 


r = ^ x 77 r = 1800x^x-i- = 626.1 fcN 
1.15 1.15 1000 
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A' s =1800 mm 2 


0.67x35/1.5 


| M u 



A s =1800mm' 


E s =6y/1.15 


b=300 mm 


Step 3: Calculate the bending moment 

Computing moment at plastic centroid (c.g. in this case) 

M - =c 44r )+c 4~^ +J 4~ <0 



CsrA'sfyi.15 


T=A s f y /U5 




/ 1900.1x0.85 


= 0.552 > 0.50...(our assumption that y c -l-5,y s -1.15 is correct) 


Note: The bending moment can be taken at any other point as long as the ultimate load 
P u is considered, thus 


M = I900.1x^^-1900.1x-^ 1 ^-626.1x50 + 626.1x800 
“ 2 2 


] 1 
J 1000 


892.21 kN .m 


(same as before) 
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Example 7. 2 

Locate the plastic centroid for the section shown in figure, knowing that 
feu =25 N/mm 2 . ,300 mm, 


fy =400 N/mm 2 


• •! 400 mm 2 


-L ... 


1500 mm 2 


Solution 

To find the plastic centroid, the entire section is subjected to compression force, thus 
y c =1.75 and y s =1.34. Assume 50 mm concrete cover 

fflmm 0.67x25/1.75 


A s =4uu mm 

1 

^CU 

1 n — 


• ! • 

j 

j 

"T 




v “'s * 

"TJ._ 

i 

c^ 

- 



C c 


! - (T^UU- 






.. ) 

1500 mm 2 

• • • 

X p =408.32 




. C r 

ntrnisf / 

- -H 


C 



Ct=A , f y /1.34 


C = A' x— = 400x^^-x—!—= 119.4 kN 
y s 1.34 1000 

_ 0.67* f„xbx, __ Q.67,25x300x900 _1_ _ 

1.75 1.75 1000 

C T =A S x^- = 1500x — x —= 447.7 6kN 
y s 1.34 1000 

The resultant of the three forces P up equals 

P m =C S +C c +C T =119.4 + 2584.286+447.76 = 3151.45 kN 

Computing the moment of all forces at point o (bottom fibers) 

P u P xX P =C s x850+C c x450+C r x50 

„ 119.4x850 + 2584.286x450 + 447.76x50 _ 

a - --—-= 408.32 mm 

' 3151.45 

The distance of the plastic centroid to the c.g (e p ) equals 


e = — X n 
‘ 2 p 


--408.32 = 41.68 mm 
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Example 7.3 

Construct the interaction diagram for the section shown in figure knowing that the 
material properties are 

f tu =30 N/mm 2 
f y = 400 N/mm 2 


o 

r~~ 50 mi 


A' s =1575 mm 


A s =1575 mm 



b=250 mm 


Solution 

Point 1 (Pure axial compression) 

The entire section is under axial compression and the neutral axis is considered at 
infinity. The strain distribution is uniform at the ultimate strain and all the steel has 
yielded in compression. Summing all the forces gives the total section capacity 


0.67 x 30 /y c 


A' s =1575 mm 


C s =A' s fy/n 


d'=50 mm 


1A S 1575 mm 


C-T-Asfy/Ys 




b=250 mm 


p = 0 - 67 fa, bt +A > fy_ +A 


Since the section is in pure compression e=0 thus y c =T.75 and y s -1.34 
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= 0.67 x 30x 250x 700 +1575 x 400 +1575 x 400 = 295Q ^ 

“ 1.75 1.34 1.34 

Since the column has symmetrical reinforcement M u —0 

However, the ECP-203 does not permit the use of this capacity and assumes that any 
column will be subjected to a minimum eccentricity of (e min =0.05 t). Thus, use the tied 
column equation 

P„ = 0.35 f cu A c +0.67 A„f r 

P u = 0.35 x 30 x 250 x 700 + 0.67 (1575 +1575) 400 = 2681 kN 
M „ = P„ .e min = 2681 x (0.05 x 700) = 93835 Kn.mm = 93.84 kN.m 


Point 2 (compression failure) 

The compression failure occurs when the depth of the neutral axis is greater than its 
depth at the balanced position. In this situation the tension steel stress is below the 
yield stress and for the purpose of simplicity, the neutral axis position is chosen at the 
tension steel location (c=d). Thus, the developed force in the tension steel is equal to 


AV=1575 mm 2 



1 

d'=50 mm 


A s =1575 mm 2 


0.67 x 30 /y c 

0.003 1~ "1 r- = a * r /„ 

]-—1- 1 - — I Si sjy'js 


b=250 mm 


c=650 mm and a= 0.8 x c= 520 mm 

To estimate the strength reduction factors y s and y c , assume that e/t=0.2 (will be 
verified later), thus 


. , ( 7 0.20) , „ 

y r =1.5x-=1.65 

U 3 ) 


. t< (7 0.20 ] .... 

y =1.15x-=1.265 

U 3 


Since c=d thus,y^=0 and T-0 


275 


C — d' _ fy 

f' = 600- 

Js c r s 

A50 — 50 400 

f = 600 = 553.85 > — 

J ‘ 650 1-265 

. f>-h. = = 316.2 Nlmm 1 

" Js y s 1.265 

C,=4*/> 1575x316.2x^ = 498^ 

067 xf xtxa 0.67x30x250x520 x J_ = 1583 6 jtW 
C c =- -f-= C65 WOO 

/ C 

Pu= q + q_T= 1583.6 + 498-0 = 2081.6kN 
Computing moment at plastic centroid (the c.g. in this case) 

M = Cc (L _£) + C,(- - d') = [1583.6 x (350 - 260) + 498 x (350 - 50 )]]^ “ 291 92 kNm 
u c 2 2 2 

Check strength reduction factors 


e _^ = 29L92 =014 

e p 2081.6 
y c =1 ' 5x |{’”3~| = 1 ' 68s1 ' 6 ^ 

Xf = 1 . 15 xg-^} = 1.288 = 1.265...a* 


Point 3 (balanced point) 

By definition at the balanced point the strain in the tension steel equals £y /1.15. T ’ 
the stress in the tension steel equals f/1.15. 


A' s =1575 mm 2 


0.67 x 30 /y c 
' ^ C s =A' s f s 







x 650 = 411.47 mm 


c 690 = 690 

° b ~ 690 + 4 690 + 400 

a= 0.8 c= 329.17 mm 

Assume that e/t>0.50, thus y c =1.5 and y s =1.15 (will be verified later) 

T = A, x = 1575 x — = 547.83 kN 
1 1.15 1.15 

/; = 600-^^ <^- 
c y„ 

f = 600- 11-47 ^° = 527 > — 

411.47 y, 

.-. 4 = 400 = 347 g3 ^ , 

r, 1-15 

C, =A' x// = 1575x347.83 = 547.83 kN 

C = 0,67x 4 xz,xg = 0 ,67x30x250x329.17 =110272 

1.50 

Pu“C c +C s -T= 1102.72+547.83-547.83=1102.72 kN 
Computing moment at plastic centroid (i.e. c.g due to symmetry) 

) + C ^- d ') + T ^~ d ') 
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M u = 1102.72 x (350-—) + 547.83 x (350 - 50) + 547.83 x (350 - 50) = 533.16 kN.m 

Check strength reduction factors 

UJL: I- 533.16 
t 1^4 Xfj 1102.7x0.7 

Since e/t > 0.5 our assumption that y c =1.5 and y s =1.15 is correct 


Point 4 (tension failure) 

For tension failure to occur, the neutral axis should be less than the balanced point. Let 
us assume the neutral axis position at c=2/3 c b (position for maximum reinforcement in 
case of pure bending) 



c = 4=-x411.47 = 274.31 mm ->a= 0.8 c= 219.45 mm 

3 3 


y c =1.5 and y s =1.15 (no need to check this assumption, because it was valid at the 
balanced point) 


The point is below the balanced load thus f s = 


L 

Y s 


—— = 347.83 N /mm 2 
1.15 


T = A s xf s =1575x347.83 = 547.83 kN 


// = 600 


274.31-50 _ A fr 


274.31 


= 490.6 >- 



— = 347.83 N/mm 1 
1.15 


C s = A; x/; = 1575x347.83 = 547.83 kN 


C = 


0.67x f eu xbxa 
Yc 


0.67x30x250x219.45 

1.50 


= 735.16 kN 


p u =C c +C s -T = 735.16+547.83-547.83=735.16 kN 
Taking moment about plastic centroid (i.e. c.g due to symmetry) 

M " =c 4 _ f ) + C 4~ d ' ) + 7X 2 _£ ° 

M u = 735.16 x (350 -^|^) + 547.83 x (350 - 50) + 547.83 x (350 - 50) = 505.34 kN.m 
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Point 5 (Pure bending) 

' perfomeTbyipSg the equSriL^S^ l0Cating 3X13 muSt be 

P u =0 = C-T 

a ™ p,i0 "' b f caoM * “» “ 

<mu). Assume that comnresston stenl i\\a nn t 


compression steel did not yield. 


A' s =1575 mm 2 ?'“ 50mm 


« V 1 - 

s * 

VO 


V-1575 rjim 2 

• • • .- 


b-250 mm 


£s>e/1.15 


0.67x30/1.5 


Cs=A'f' s 



T=A s f y /l.I5 


// = 600 ^- 2 ! = 600 £^50 
c c 

C c +C s -T = 0 or 

9- 67 fa.xbxg A s xf 

z~z -+ A. x f = —i _Ll 

1.5 ‘ J ‘ , H 


C c + C S =T 


0.67 x 30 x 250 x /OS x r -1 
' 1.5 


+1575 x 600-2—52 _ 1575x400 


be pevious equation , s . second order ^ ^ s<j|ntion 

c-77,96mm — a-0.8 c - 62.37 mm 

.. 400 

c 77.96 U 5 " -0 -*’ 1 duinot yield as assumed) 

T = A s*fs = 1575x347.83 = 547.83 ftT 

C s = A' s x/; = 1575x215.18 = 338.90 kN 


C c = 9^1^/cu^bj^ = 0.67 x 30 x 250 x 62.37 


= 208.93 /W 
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Load (P u ), kN 


Computing moment at the c.g. 

m . =c c (2-|) + c s (2_d' ) + r(2-d') 

= 208.93x(350-2^2) + 338.90x(350-50) + 547.83x(350-50) = 332.63 kN.m 
Pu=C c +C s -T = 0 

Point 6 (pure axial tension) 

The final loading case to be considered in this example is the concentric tension. The 
strength of the concrete is completely neglected and the steel is in pure tension. Noting 
that the tension force is negative, P u equals 

p = z222(1575 +1575) = -1095.7 kN 
“ 1.15 

M u =0 because the section is symmetrical 

The interaction diagram for the previous column is drawn in the following Figure. 


^pare compression, point 1 


column equation 


point 2 (compression failure) 


balanced 
(point 3) 

tension failure 
(point 4) 


pure bending 
(point 5) 


pure tension 


100 200 300 400 

Moment (M u ), kN.m 


Interaction diagram for Example 7.3 
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7.3 Sections Subject to Eccentric Compression Forces 

To design an eccentric section, one has to know the applied forces, moments and 

material properties as shown in the frame below. 




Three approaches are available for the design of sections subjected to eccentric 
compression force: 


1. Interaction diagrams 

2. M us approach. 

3. Design using curves 


A trial section (b, t) is assumed and the reinforcement areas (A„ A j) are determined, 
selecting a trial cross section for members subjected to eccentric forces is not an easy 
task. However, when the eccentricity of the member is small, an approximate trial area 
can be established by designing the section as if it is subjected to axial loads only. On 
the other hand, when the eccentricity of the member is large, the trial area can be 
obtained by designing the section as if it is subjected to bending moments only 
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Photo 7.3 Eccentrically loaded section in a reinforced concrete tower 


7.3.1 Design Using Interaction Diagrams 

Interaction diagrams can also be used as design tools when prepared in special forms. 
The horizontal axis in the design interaction diagrams represents normalized (non- 
dimensional) bending moment MJf m b t\ while the vertical axis represen s he 
normalized axial load PJf cu b t. These interaction diagrams are valid for designing 
members subjected to eccentric compression forces, whether it fails m compression or 
tension. However, they were prepared for sections with compression steel of more 
than 40% of the tension steel (i.e:a= 0.40, 0.60, 0.80, 1). Thus if the designer need to 
use lower ratio of the compression reinforcement (especially in tension failure zone), 
the use of the interaction diagram is not attainable. 






The interaction diagram is usually divided into four zones as follows (refer to Fig. 7.6) 

1- Zone A (e/t<0.05): In this zone, the design of sections is attained by 
ignored 8 ^ CqUatl0n f ° r tled columns and the applied moment is 

2 ~ Z n°"f B ( “ mPreSS1 °" failUre P “ >Pb): The d «ign of sections in this zone is 
performed by using the interaction diagrams directly. 

3 ~ A- ( TT failur ! P “ <Pb) : The of sections can be performed 

ordmg to the ratio of the compression reinforcement as follows: 

a) If the ratio of the compression steel is equal or greater than 0.4 the 
use of interaction diagrams is preferred. 

b) If the ratio of the compression steel is smaller than 0 4 
(1 approximate methods (M m )can be used (as explained later) or 
(2) eccentric design charts. The use of the approximate methods 

should be limited to sections subjected to relatively small 
compression forces otherwise it may lead to unsafe designs (as 
explained in the next section). ° 

4 ~ ^ (PJ hi b 1 <0 '° 4): 111 zone ’ the corh Pression force is completely 
ignored and the section may be designed as if it is subjected to moment only. 



Fig. 7.6 Using interaction diagrams and design zones 
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The use of the interaction diagrams can be summarized in the following steps 


1) Estimate the cross section dimensions if not given using a trial section 

2) Determine the required diagram with the given f y , a and C, 

g 

if— <0.2 useuniform steel chrats 

g 

if —(0.2 - 0.5) use top and bottom steel a = 1 

g 

if— > 0.5 use top and bottom steel a = 0.4-1 

3) Calculate the following terms 

P» 

fm b t ’ f a bt 2 

4) Locate the reinforcement ratio p, and interpolate if required. 

5) Calculate area of steel using 

M = P*fcu xlO -4 * A s =fixbx.t or A s , mal = pxbxt 

6) Compute the area of the compression steel (case of top and bottom steel) 

A' =aA s 

7) Check that the total area of steel is higher than code minimum requirement 

A' + A s > 0.0086 x t (columns) 

As >0.225 yjf^/f y b x<7 and (1.3 A s ) (beams) 


If the point falls inside the interaction diagram (point a), the minimum area of steel 
should be used as shown in Fig. 7.7. If the point falls within the diagram (point b), the 
design of the cross-section should be carried out normally. However, if the point falls 
outside the boundaries of the interaction diagram (point c), this indicates that the cross- 
section dimensions are inadequate and must be increased. 



Fig. 7.7 The use of the interaction diagram 
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^I'lftrced concrete column using interaction diagrams knowing dial it is 

subjected to the following straining actions 

P u =1400kN. 

M u =295 kN.m 

The material properties are 

, , 250 mm , 

f cu =30 N/irrn j - H 

/ =280 N/mm 2 ~] I 1 


Solution 

Step l: Determine the suitable design interaction diagram 

£ _ _ 295 = 0.32 

t Pxt 1400x0.65 

since e/t =0.2—>0.5 use a—1.0 

Assume cover=40 mm 

t - 2x cover _ 650-2x40 „ q ^ 
t ~ 650 

Using chart in Appendix B with C=0.9, f y =280 N/mm 

Step2: Calculate the non-dimensional terms 

P u _ 1400 x 10 3 __ 0 237 

f b t 30 x 250 x 650 

M u _ 295 x 10 _ o 093 

f bt 2 30 x 250 x 650 2 

Jcu v 


Step3'• Calculate As, A's . 

Locating the point in the chart and determining p =2.8, (compression failure 

p =p f cu KT 4 = 2.8 x 30 xlO- 4 =0.0084 

As=(lbt = 0.0084 x 250 x650 =1365 mm 2 ->(4^)22) 

A'.= a A s = 1 x 1365 = 1365 mm 2 - > ( 4< l ,22 ) 
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7.3.2 Design Using M us Approach 

If the eccentricity of the applied compression load is relatively small (above the 
LSced S V tension steel does no. yield and to section l.es on to 
compression failure zone as shorn, in Fig. 7.9.a. However, all points lower than to 
balanced failure point represent a case in which the section is partially crac e an 
strain in to tension steel is greater ton the yield sham as shown m W *^ “ 
defined as the tension failure zone. Although it is possible to de Y 

equations to evaluate the strength of sections subjected to combined bending and ax 
force these equations are tedious to use and cumbersome. Interaction diagrams can be 
Eh. S sechons in to rensron Mure zone. The »vail»tojn— 
were prepared for sections having equal amounts of steel on bo h "‘ deS “- 
maximum difference of 40 percent between area of tension steel andJ*™? 
(a=A - s/A =0. 4) . For sections in the tension failure zone, it is more economical to place 

most of the reinforcement in the tension side. 

There is analytical method for designing such type of sections called the M us approach 
The^approximation in to method comes torn neglecting to compress,on steel 

contribution in the calculation. 



Fig. 7.9 Strain distributions of sections subjected to eccentric compression 
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% ' “™ SM »“ “"•» M- - given in 

that the type of failure is a tension failure! ^ l0ad has to be evaluated to verify 

Refe ™ 8 “ "* 7 ' 10 ' ** — —abou, the 

M ~ P xe 

where “ “ 1 ...(7.10) 


„ _ 1 

e s ~ e + — - cover . 

or alternatively M m can be written as 

M us = M u + P u (~~ COVer) 


(7-11) 

(7-12) 


extend moment ^j hC mtenial f ° rCeS ab ° Ut the tension ste el and equating it to the 


M - °' 61 fcu b a a. , / 

“ T^~ {d ~2 ) + A ^( d -d') 



F>g- 7.10 Design of sections subjected to tension failure 
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Equilibrium of internal forces gives 



0-67 f cu ba 
1.50 


- P u +A 


, fy 

7 1.15 


(7-14) 


Substituting with M us expression in the previous equation gives 


(d-~)f y l 1.15 fy' XAS 


■+a: i- 


(1 -d'/d) 
(\-a 12d) 


To simplify the previous expression, the third term in Eq. 7.15 is neglected 


A M us _ 

(d-|)/ y /1.15 fy /L15 


(7.15) 


(7.16) 


The first term in the equation can be determined using design curves for section 
subjected to pure bending such as (Cl-J or R-co). 

Equation 7.16 (A/„)gives the same solution as the strain compatibility in case of A' s =0. 
Furthermore, equation 7.16 gives a very close solution if the applied compression 
force is relatively small (P u «P„b) and consequently the values of a are usually small. 
On the other hand, as the applied compression force increases and gets closer to the 
balanced load, the assumption of ignoring the effect of the compression reinforcement 
in Eq. 7.15 becomes unconservative especially with high ratios of compression steel. 

Figure 7.11 presents the ratios of the required area of the steel when using the M us 
approach and those when using of strain compatibility method. It is clear that the 
calculated area of tension steel using the M us approach is much less than that 
calculated using the strain compatibility method; leading to unconservative results. 

The area of the tension steel using the M m approach can be 'A that of the strain 
compatibility method (interaction diagram). On the other hand, the area of the 
compression steel obtained using the M us approach can be as high as three times that 
obtained using the interaction diagrams. Thus, the use of M us approach should be 
limited to sections with relatively small compression forces in which the values of a 
are usually very small. 
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approa^and to^intmctioii dia^I^^nCTe^^wt^ ftel^^teveHncreases! 8 " 11 ^ ^ 



0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 

Load level (P u /f cu b t) 





Photo 7.4 Bridge column during construction 
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Ri=0.1236 



Using simple bending curves with compression steel in Appendix A, with (cc=0.2) and 
d'/d = 0.1, it can be determined that: 
co = 0.16 

A s = 6} LL b X </--£- = 0.16^- 250x 460-^11002 = 830.56mm 2 
Jy fy/r s 360 360/1.15 

A' s =a o) ~-b x d - 0.2x 0.16-^-x 250 x 460 = 306.67 mm 2 
Jy 360 

Note. The strain compatibility method (calculations not shown) gives 
A s =841 mm 2 and A' s =310.5 mm 2 . Which is veiy close to the approximate solution 
because the applied load is small and far from the balanced load and the compression 
steel ratio a is small. 


Step 3: Verify failure condition 

690 , 690 ,, 

c ‘-«o 74‘' = S5T^ 4w - 3 » 2 - 285 ”'» 

Applying the equilibrium equation 
P _ 0-67x f cij b (0.8 c„) A' s xf y A,xf r 

ub , _ i 

1-5 1.15 1.15 

D _ 0.67x30x250 (0.8x302.285) 306x360 830x360 

'-T3--I 

Since P u <P u / ) , This it is a tension failure mode as assumed. 


7.3.3 Design Curves For Eccentric Sections 

As mentioned before, M m approach for designing eccentric compression sections 
should be limited to sections subjected to tension failure and with relatively small 
compression force. This section presents new design charts prepared based on the 
strain compatibility principle and the equilibrium of forces and can be used to 
accurately design sections subjected to tension failure whatever the value of the 
compression force. 

The following procedure is adopted to develop the charts. The neutral axis depth is 
first assumed and the corresponding strain in the steel is calculated for a concrete 
compressive strain of 0.003. To achieve equilibrium, a trial and adjustment procedure 
is performed. If the summation of the tension and compression forces is not equal to 
the desired load level, another value for the neutral axis depth is assumed and iteration 
is performed. This procedure is continued until the equilibrium is achieved. 

Consider the design interaction diagram shown in Fig. 7.12.a which were prepared for 
certain value of/J, and a, <£. Each curve in the chart is equivalent to cutting the design 
interaction diagrams by a horizontal line at a certain load level (R b =P u /fcu b t). This 
gives a group of points with different values of the normalized moment (M u /f cu bt 2 ) 
and the reinforcement index p. The normalized moment values were plotted on the 
vertical axis and the corresponding values of co are plotted on the horizontal axis and 
are calculated using the following relation. 

co = px f y xlO^ 1 

These charts fill the gap that was not covered by the interaction diagram (from ct=0 to 
a=0.6). 



Fig. 7.12.a Development of the design charts 


Appendix D contains design charts that can be used in the design of eccentrically 
loaded sections. An example of such diagrams is shown in Fig. 7.12.b. 
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iq m S/ n vi 



os 

Fig. 7.12.b Eccentric design curve for load level of 0.2 (Appendix D) 


The design steps for section subjected to eccentric forces in the tension failure zone 
using the proposed charts can be summarized in the following steps 


Design steps for using eccentric design charts 

1. Determine the appropriate design curves by calculating the load level R 


P u is positive for compression force and negative for tension force 

2. Enter the chart with the applied normalized moment capacity {MJf cu b t 2 ) 
and choose the appropriate value for a 

3. Locate the steel index value ca (interpolate if necessary) 

4. Calculate A. and A' from 


A, = co^-bt 

f. 


A' r =a A. 
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Example 7.6 

Design a reinforced concrete section if it is subjected to an eccentric compression 
force using 

A- Interaction Diagram 
B-Approximate method (Mu* approach) 

C-Design curves for eccentric sections 

m[= 250 kN.m P„=700kN b-250nm. .=700 mm 

u „ __ 2 r r\ r\ rv—11 f\ 


f =25 N/mm 2 f y =360 N/mm 2 


Solution 

A-Interaction Diagram 

Using interaction diagram for f y =360 N/mm 2 , <x=0.6, and £=0.9 
The point is below the balanced point, thus it is a tension failure 

_A _ 700x 10 3 _ _o |6 

f bt 25x250 x700 

Jcu 


M u _ 250 xlO 6 

f bt 2 ~ 25 x 250 x 700 2 

Jcu 


- = 0.082 


Locating the point in the chart and determining p 1.30 
,j. = p f cu 10~ 4 = 1-3 x 25 x 10- 4 =0.00325 
As = p b t = 0.00325 x 250 x 700 =570 mm 2 
A'= a A s = 0.6 x 570 = 341 mm 2 



0 082 MJf cu b t 2 
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B- Approximate Method (M us ) 

S,nce i, is . tension Mm mode the approximatc ^ ^ 

covet, iris,, l^is7 00 = 35n,„ 

d = 700- 35 =665 mm 

e s -« + -■-cover = ^ - 0.035 = 0.672 m 

M ” =P - Xe s ~ 700 x 0.672 = 470.5 kN.m 

PI- 470.5 xlO 6 

25^250^66? = a 17 

d' 35 

7=^ 0 - 05 

Using simple bending cutves <R M fc Appendix A> ^ ^ ^ 


and d'/d=0.05 


*© = 0.21 


A s -QjIsLbxd -5— = 0 21—^srwexe 700x1000 

f. f,tr, U21 3« 23 »c» ,5 -- ifj7 - r .iei;„„„. 

d;-ne.^i,vd.0.6x0.21^,, 250 « 665.145SW 


It can be concluded from thic examra.. 

valid reinforcement area of steel solution as th 6 apPr ° X ‘ mate method did not give a 
than the tension reinforcement and the r n’ COmpression reinfor cement is greater 

obtained from the intera^ * >- than 

ddr«re„cei sfc , i! , ( 0.n ) i SV e ry c lo se toth « ba| J d b ' 8 

C-Using Design curves for eccentric sections 

p _ p u 700 x 10 3 

feubt 25^250^700 =a 16 


M u 250 XlO 6 
feu bt 2 25 x 250 X 700 2 


- = 0.082 


fo „ eure , n , te 
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<o=0.058 


<o=0.040 


Using charts in Appendix D with fy= 360 N/mm 2 , (a=0.6) 

For load level Rb=0.1 and Rb=0.2, co can be obtained as follows: 
fflRb=o.i= 0.058 and <o Rb -o. 2 = 0.040 

Using interpolation co Rb =o.i6 = 0.0472 

A, =co^bxt = 0.0472— 250 x 700 = 574 cm 2 
f y 360 

A' s = a Ag= 0.6 x 574 = 344 cm 2 

It is clear from Fig. 7.13 that the area of steel calculated from the charts is exactly as 
the interaction diagrams and the approximate method (M m ) gives unconservative 
tension area of steel. 


o Approximate 
a Interaction 


i Load level curves 



Tension Steel 


Compression steel 


Fig. 7.13 Comparison between the approximate method, interaction diagram and 
Eccentric load curves in example 7.6 
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7.4 Sections Subjected to Eccentric Tension Forces 

Sections subjected to tension force are some times encountered in frames, and tension 
members. The design of these types of members depends on the amount of the 
eccentricity. The ECP 203 states that concrete strength must be completely ignored if 
the applied tension force is inside the cross section. In this case the tension force is 
carried solely by the reinforcement as shown in Fig. 7.14.a. However, if the tension 
force, T u , lies outside the cross-section, part of the section will be subjected to 
compression as shown in Fig. 7.14.b. 


compression 

zone 


reinforcement 


WmS 


istribution 


a- Small eccentric tension 


warn 


b- Big eccentric tension 


See section 7.4.1 


See section 7.4.2 


Fig. 7.14 Sections subjected to eccentric tension force. 


7.4.1 Sections Subject to Small Eccentric Tension Forces 

In members subjected to small eccentric force, the whole section is subjected to tensile 
strain and the concrete strength is completely ignored. The eccentricity of the applie 
tension force and moment must be within the cross section, or 


Only the steel reinforcement act against the applied tension force with no concrete 
contribution as shown in Fig. 7.15. The developed force in each layer of steel is 
calculated according to its distance from the applied load and is given by 


Calculate the developed tension forces T, and T 2 {T, is always > T 2 ). To calculate T,, 
take moment of forces about point o in Fig. 7.15 as follows: 


T, =T U x—^ 
” d —d 


Calculate A s/ , A s2 


•U T? 


t 2 =t u -t x 


/,/1.15 

^ H- 
12 4/1.15 


A S 2 } 

- —d' 

-J - 


T2=A s2 f y /l-I5 



d-d' 


T,=Asl fy/1.15 



Fig. 7.15 Equilibrium of a section subjected to a small eccentric tension force 
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Example 7.7 

Calculate the reinforcement required for a concrete section of (250x600 mm), if it is 
subjected to M u =30 kN.m and T u = 300 kN. Knowing that f y =400 N/mm 2 and/ cu =3o 
N/mm 


Solution 

Step 1: Calculate e sl and e s2 

M u 30 „ , 

e = ~ = -= 0.1m 

T u 300 

Assume that the distance from the centerline of steel to concrete is 50 mm 
d'=50mm 

d=600-50 = 550 mm 
d-d'=550-50=500 mm=0.5 m 

since e < -— < — < 0.25, (small eccentric tension) 

Since the member is small eccentric section, concrete strength is completely neglected 
and all the tension force is resisted by the reinforcement. 

d-d' 0.5 

e ,2 =-y- + e = —+ 0.1 = 0.35 m 


O o 

W) o 

in 


• • • i— 

a « r 


A s j 

-• • • 


250 mm 


T 2 =90 kN 


T u =300 kN 


T i =210 kN 



e s i=150 mm 


301 


Step 2 Calculate the developed tension force 


r =r X— ^- = 300x— = 210/WV 
L ' m d-d 1 0.5 


f =T„-7j =300-210 = 90 kN 


Step 3: Calculate A sl ,A sZ 


T. 210x1000 7C 2 /"IrtSI 
a -!---= 603.75 mm (3<Pl 6) 

^sl r /iic /inn/i 


/ ;i /1.15 400/1.15 


^ ^— = 90x1000 =25875wm 2 ( 2016 ) 

12 f y l 1.15 400/1.15 


f 0.225V30 


250 x 600 = 462 mm 2 


A s min = smaller of ■ 


= 462 mm 2 <A s) ---o.k 


1.3x603 = 783 mm 2 



Final design 
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7.4.2 Sections Subjected to Big Eccentric Tension Forces 

SchThe ecc U e S ntnc y t f ° Und ‘r C ° nCrete tanks ’ tunnels and aqueducts in 

^ ^SS theT n ' f r 163 ° UtSide thC Cf0SS S6Cti0n “ bi S ^centrici^ 
contributes to the strenPtb nfth CO ™ pression on the side. Thus, the concrete 
interaction diagram shSt L ^^ 3° hI ^ repr * Sented ^ the P art E ' F ln the 

the interaction^liagramasejmlainedbefor^he^ 811106 ** ^ * n0t repreSented ” 

in sections with L explained before, the same approximate method (MJ) used 

“ i here " ,h mioor ™°“ 116 

e.=e-t + cov«- .(7.24) 

where e = 

f 

The moment about the tension steel M m equals 


^ us T u £ s —M u T u (—— cover)..(7-25) 

The problem can be solved using curves with double reinforcement (Rl-m) 

Compute —_ 

fa, b d 2 

Locate <o from curves using the desired compression steel ratio a and calculate A s 

A s = J-^-b d +— L. -... „ ^ 

f y 4/1.15.(7.26) 



Example 7.8 

Design a tension member (250 * 650 mm) if it is subjected to eccentric axial tension 
force of200 kN as shown in figure. 
f y =400 N/mm 2 

f cu =35 N/mm 2 LWJJJ, 

§gi concrete member 
1 *250 x 650' 

f j I 

— i 1 -—0.65 m 


' 200 kN 

Solution H 

T„=200 kN (tension) 0-9 m 

e=0.9 m (outside the cross section —> big eccentric tension) 

M u =0.9 x 200 =180 kN.m 

Assume concrete cover of 50 mm —► d=650-50=550 mm — 


d'ld =50/600 = 0.10 


e, =e~— + cover = 0.9-^^ + 0.05 = 0.625 m 
2 2 


M us = T u .e, = 200 x 0.625 = 125 kN.m 


r, . 125xl0 6 „„„„„ 

Compute -—si-— = ——-- = 0.0397 

f cll bd 2 35x250x600 2 


From doubly reinforced tables or curves with a=0.4 d'/d=0.10, and R=0.0397 
From the curves —> co=0.048 

A s = cJ-f^b d + ——-= 0.048—x250x600 + = 1205 mm 2 ->(4<D20) 

* C -C /1 1 r - a r\r\ . a r\r\ /1 1 c ' ' 


fy fy /1.15 


400/1.15 


f 35 

A; = a a J -f-b d = 0.4 x 0.048—x 250 x 600 = 252 mm 2 -> (2 <t>l 6) 
fy 400 
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7.5 T-Sections Subjected To Eccentric Forces 

£Sr “ ° a “ e r U " BKd in ,h ' »"«“ of framed 

ssrrvt as B,b md w ^ 

bending only using M annroaeh 1 Th A Shaped sectlons t0 members subjected to 
before in section 7 3 W ^ ! Slgn Steps are the same as th °se explained 
axis (a-0 8 a a’ h er ’ the desl 8 ller has to check the location of the neutral 
axis (a—0.8 c), and determine the area of steel using the (Cl-J) as follows 


a - t s 


a>t 

s 

11 


± _P.,_ 

fyj d 4/1.15 

_ M *. ± K_ 

fy /I-15 (d -tJ2) 4 / 1.15 


2S ZZriSZ applBd “ ,al for “ ^ ™ -»/ 

L e lL| S i ^"^ ll ^ g ^| ns f “» « * 0 ™ in Fig. 7.17 and 

M ‘« =p « xe s .(7.29a) 

e s =e+{d- z) (compression).(7.29b) 


e (</ z) (tension). ^7 29c) 



a-Eccentric compression 


b-Eccentric tension 


Fig. 7.17 Definition of e s in T-sections 
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Example 7.9 

Design the T-section shown in figure if it is subjected to the following straining 
actions. 

P u =600 kN (compression) 

M„ =450 kN.m 

The material properties are 

f cu =25 N/mm 2 
f y =240 N/mm 2 

1800 mm . , 



Solution 

Since the member is T-section, we can not use interaction diagrams and the 
approximate method should be used 

d = 700- 50 =650 mm 

„ 450 

e = —- =-= 0.75 m 

P 600 


_ 100xl800x50 + 600x250x (600/2 + 100) 
100x1800 + 600x250 

e, =e+(d -z) = 0.75+(0.65-0.209) = 1.19 m 


209.1 mm 


M m = p u xe s = 600x1.19 = 714.5AT /.m 



650 =C1 


714.5xl0 6 

25x1800 


Cl=5.15 


Using the (Cl-J), determine c/d ratio 














c=0.125 x 650=81.25 mm 
a= 0.8 c = 65 mm 

since a< ts(100 mm), get J from the curve using c/d=0.125 
J=0.826 

M m + P u 714.5 xlO 6 600x1000 

s ~f y J d ~f y /1.15 ” 240x0.826x650 240/1.15 ” 

-^s.chosen — 6 O 25 


3#12 


Example 7.10 

For the cross section shown in the figure below calculate the moment capacity from 
the first principles. The material properties are f cu =25 N/mm 2 and f y =240 N/mm 

P u =600 kN (compression) 



250 mm 


Solution 

Assume that a<t s , apply the equilibrium equation, and assume that Yc=T5 and y s =1.15 



,67x25xl800xa 2014x240 

600x1000 =--- 

1.5 1.15 


a=50.67 mm < t s , our assumption is correct 
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Example 7.11 

Design the T-section shown in figure if it is subjected to the following straining 
actions 

P u =150 kN (Tension) M u =850 fcN.m 

The material properties are 

f cu =30 N/mm 2 f y =400N/mm 2 



M 

250 mm 


Solution 

Since the section is T-section and subjected to tension force, transformation using the 
approximate method must be made 

d = 850 - 50 =800 mm 


M„ _ 850 

P. ~ 150 


5.667 m 


calculate the c.g of the section 


100 x 600 x 50 + 750 x 120 x (750/2+ 100) 
100x600 + 750x120 


= 305 mm 


e s —e — {d-z) — 5.667 -(0.8- 0.305) = 5.172 m 


l 

i 























7.6 Analysis of Irregular Sections 
7.6.1 General 

Reinforced concrete sections can take any shape. Irregular cross-sections are usually 
encountered in shear walls where irregularity comes from either the shape of the 
cross-section or the distribution of the reinforcement. For these sections the 
development of the interaction diagrams follows the previously mentioned procedure. 

Referring to Fig. 7.18, any point falling inside the interaction diagram is considered 
safe (point A), while any point falling outside the diagram is considered unsafe (point 

B). 

The adequacy of the section is satisfied by ensuring that for the same axial load, the 
calculated moment capacity is greater than the applied moment. Thus comparing 
points C & F indicates that point C is considered safe because P,-P„ and M„>M U 



Fig. 7.18 Analysis of irregular sections 
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7.6.2 Strength of Shear Walls 

Shear walls are usually encountered in tall buildings to resist lateral loads initiated by 
wind or earthquake. The analysis of these walls should be based on strain 
compatibility and equilibrium of forces as shown in Fig. 7.19. The calculation can be 
carried out in tabulated form or using spreadsheet like EXCEL. The design procedure 
can be summarized in the following steps: 

1. The shape of the cross-section is usually chosen to fit the architectural 
requirements of the structure. 

2. The structural engineer usually assumes the concrete dimensions and the 
reinforcement distribution. Some codes of practice give recommendations 
regarding these issues. 

3. The neutral axis distance is assumed and the internal forces are evaluated. The 
stress in each steel bar is given by 

f s . = 600x — ‘LkIz- ...(7.30) 

c y s 

The force in each layer of steel equals the stress multiplied by its area 

F„ = f si x.A sj (positive if compression)...(7.31) 

4. The assumption of equivalent stress block is used, and the distance of the 
compression block is evaluated as ( a=0.8 c). The concrete force is divided into 
areas A ci then multiplied by the stress (0.67 f c Jy c )- 




5. The section nominal ultimate axial capacity P„ is the sum of concrete and steel 
contributions as follows: 


.(7-33) 


This procedure is repeated until the condition of P„=P U is satisfied. 

6. The nominal moment capacity M„ is computed by summing the moments of all 
the internal forces from its c.g to the plastic centroid of the section (X p ). Thus 
the moment capacity equals: 

i=nc i=ns 

XT,- +£ F sl ~d,) .(7.34) 

1=1 »=1 
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7. The section will be considered safe if the calculated axial capacity P„ equals 
the applied force P u (within 5%) and calculated moment is greater than 

applied: 

P n = P u and M n > M u ...^-3- 

8 . If the calculated force is less than applied force,- increase the neutral axis 
distance to increase the axial load capacity. 

9. If Pn=Pu but the calculated moment is less than the applied moment (Mn<Mu) 
increase either section dimension or reinforcement or both 



Fig. 7-19 Forces and strains in the shear wall at ultimate 
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Example 7.12 

The shear wall shown in figure is subjected to the following straining actions 
P u =12600 kN 
M u =7520 kN.m 

The material properties are 
fcu = 30 N/mm 

f y =400 N/mm 2 

Determine the adequacy (Safety) of the cross section 


2100 mm 



e l £ 5 . 

<N (N 


Solution 

Step 1: Find the location of the N.A. 

Since the location of the neutral axis is unknown, a trial and adjustment procedure 
earned out. As a first trial, assume that the neutral axis distance c=700 mm 
a = 0.8c =0.80x700 = 560mm 

Step 1.1 Forces and moments in steel 

Since the section is symmetrical, the c.g. and the plastic centroid coincides. 
Xp=t/2=1050 mm 

Calculate the applied eccentricity e u 
M a 7520 

e u = ~ = —- = 0.5968 m 


Calculate the strength reduction factors y c and y s 
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, . 1 0.5968) , ^ „ 

y c =1.5x-=1.45 <1.5. y c = 1.5 

\6 2 1 


, (1 0.5968 | 

7s=1 ' 15X l6-3—J = 111<115 .n= L15 

The stress at each bar at distance d L from the compression face equals 

f = 600 x = 600 x - 7 ° — d - ‘ - < — < 347.877 / mm 2 

c 700 1.15 

The force in each layer of steel equals the stress multiplied by its area by number of 
bars in the layer (positive in compression) 

The area of one bar O 19 A si is 283.53 mm 2 


F, = f. x (n, x A s ,)—— (kN) 
si ' ‘ ”1000 


2100 mm 




1750 mm 
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Step 2: Adjust c, and Recalculate P„ 

Since the calculated normal force is less than the applied, try increasing the neutral 
axis distance c. After several trials, it can be found that the neutral axis distance that 
gives the axial force of 12600 kN is 1303 mm 

c = 1303 mm 

Step 2.1: Forces and moments in steel 

The stress in each bar f si equals 
f = 600 < 347.8 N / mm 2 

J s, 1303 



= fsi x ( n , « A si ) 


1 

1000 


(kN) 


The bending of each bar about the c.g equals 


M,, = F si (- - d,) x -i— (kN.m) 
11 s ‘ 2 ' 1000 


The following table summarizes the results 



































































Step 2.2: Forces and Moments in Concrete 

<z = 0.8xc = 1042,4 mm t 2 =1042.4-350 = 692.4 mm 


The force developed in each layer equals 
r 0.67 xf m , 1 0.67x30 . 1 


“ 1000 


M a = F ci x Vi 

FnoI 


£ 

Fa 

yi 

Ma 

mm mm mm 2 

kN 

mm- 

kN.m 

350 1750 612500 

8207.5 

875 

7181.56 

692.4 400 276960 

3711.26 

353.8 

1313.05 

1 

P c =1t918.8 


8494.61 


ns nc 

P n =Y, F si + Yj F ci = p s+ p c =682.2 + 11918.8 = 12600kN 
/=1 1=1 

ns nc 

M r = Yj M « + lL M ci = 3942.8 + 8494.6 = 12437.4kN.m 
1=1 1=1 

Step 3: Conclusion 

Since P u =P n and M„ (12437) > M u (7520) , the section is considered safe 1 


3 

P- 1 8000 


6000 
. 4000 
2000 
0 


_ P„@c=15O0 ~ 

12600 -..?«@g;L3<!3. 


P u @c=70(j) mm- 


Simplified 

interaction 

diagram 


0 2000 4000 6000 8000 10000 12000 14000 

Simplified interaction diagram for shear wall presented in example 7.12 

1 Calculation for c=1500 was not shown 


Mu (kN.m) 
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7.7 Interaction Diagrams For Circular Columns 

The same procedure used in developing the capacity of rectangular columns is used 
for circular ones. However, the ECP-203 does not permit the use of the equivalent 
stress block in developing circular section capacity. The depth of the neutral axis is 
assumed and the resulting compression zone is a segment of a circle. Since the stress- 
strain curve is parabolic and the width of the cross section 'varies along the depth of 
the neutral axis, an integration procedure must be followed. In order to calculate the 
compressive force resisted by the concrete, the compressed zone is divided to n 
segments with height t, and width w,- as shown in Fig. 7.20. The width of the segment 
Wi is given by 


w, = 2 -yjh, x(2r-A,.) 


Where h t is the height of the segment from the top 

The corresponding concrete force at the center of gravity of each segment is evaluated 
as follows. 


C c =2>, xt. x/ d 


where/;,- is the concrete stress at the c.g of the segment. 



W tH 



H 


Concrete section strain 


stresses 
anU forces 


concrete 

segment 


Fig. 7.20 Internal forces and strains distribution in circular columns 

The moment of this segment is determined by multiplying the force by the distance to 
the column center of gravity y h 


M uc =£w i xt I .x/„.xy I . 

















and moments about the “him cell™ ZZZZnuZZ ”T" 

~n^£ s 

g.ving different stain distribution.SZnZSZ^Z™* C0 ' U ™ hei *> 

s srts r^r z ; 

concreie eoiumn radius rathe, ihan the total areaX cln^t 7 )« fZf 


JCU 

reinforcement ratio a s a fonows 0btained ^ multiply,n 8 the column area with the 


A >*** =M^r 2 ) . . 

procedure. Ex^l^of '*** ° n the above 
Similarly, interaction diagrams for wu l " 8rams ls S lven m Fig- 7.21. 
in Appendix F. The reinforcement area in th^”" S6Ctl ° ns can be P^pared as shown 
column area with the reinforcement ratio as follows": “ ^ ^ multl P lyin g th c net 


Where r and r, are the external and 


SMd M c .(7.39b) 

A, =yr( r 2 ~r 2 ) 

' 1 ' .(7.39c) 


internal radius respectively. 



Photo 7.6 Circular columns during construction 
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Example 7.13 

Design a circular column to resist the following Straining actions: 

P u =5600 kN 
M u =830 kN.m 

The material properties are as follows: 

feu =40 N/mm 2 
f y =360 N/mm 2 



Solution 


Since the section is circular and is subjected to eccentric force, use interaction 
diagrams for circular sections. 


D 800 

r = — =-= 400 mm 

2 2 


Calculate the following terms 
P„ 5600x1000 


f cu r 2 40x400 : 
830xlO 6 


■ = 0.875 


feu r 3 40 x 400 3 


= 0.324 


Assuming 40 mm concrete cover, r'=400-40=360 mm 


#=^ = M = 0 .9 

r 400 


Using the interaction diagram with ^=0.9,^=360 N/mm 2 
p=2.5 


M = pxf cu x 10- 4 =2.5x40xl0' 4 = 0 . 010 >p™i„ (0.008).....o.k 
. - a(n r 2 ) = 0.010X7T x400 2 = 5026 mm 2 <20018, 5089mm 2 ) 

Assume that we shall use 8+10 stirrups per meter and A sp for + 10mm =78.5 mm 
The volume of the stirrups in 1 meter equals 
V s =nxA sp *(xxD s ) = 8 x 78.5x(*x720) = 1420502 mm 3 

y 0^5 x ^ x goQ 2 xl000 = 1256637 mm 3 < V s ...o.k 
s - min 100 4 ' 
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Example 7.14 

Jcu = 30 N/mrn 
f y =400 N/inm 2 
f yp = 240 N/mm 2 



Solution 

Stepl: Estimate cross section diameter 

Interaction diagrams for circular sections is used to calculate the capacity of the soiral 
mn y neg ectmg the contribution of the spiral under eccentric loading The sniral 

w,n ? added a#er using ^ co,zi2::z 

Since the column dimension is not given, assume a middle point on the imetaetfo 
diagram such as P u /f u r=0P interaction 

1100x1000 
30 x,- 2 ~°' 9 


r=201.8 mm, try r=250 mm and D=500mm 

Step2: Calculate the following terms 

p u _ 1100x1000 
f r 2 «ni~ ~ 0.5866 
Jcu r 30x250 


K, 180xlQ 6 
feu r* 30x250 3 


= 0.384 


Assume concrete cover of 30 mm, r'=250-30=220 mm 

k r' 220 

s =— = “ = 0.88 

r 250 

Using the interaction diagram twice with ^=0.9 and £,=0.8 

Pc=o. 9 = 2 . 3 , and p c=0 .s=2.8 

P<=0.88 = 2.4 

— x10 ^ = 2,4x30xlQ-< =0.0072<^,,(0.01 ^ or 0.012 A k ) 
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500 mm 




^ _ (0.01x7rx250 2 =1963 mm 1 

s.min *|o.0 12x 7 T x 220 3 =1824 mm 2 

Choose 12 d> 16 (2400 mm 2 ) 

Step 3: Spiral design 


The minimum volume of stirrup for spiral column is used to calculate the required 
pitch p. 

f 30 

K P .™ =0.36xAsL(4- / 4 t ) = 0.36x-(;rx250 2 -;rx220 2 ) = 1993 mm 2 

f yp 240 

Using 8mm spiral with A sp =50 mm 2 



Use <j> 8 /30 mm 





Example 7.15 

Design a hollow circular core shown below to resist the following straining actions: 

P u = 30000 KN 
M u = 19000 KN.m 

The material properties are as follows: 

/ cu = 30 N /mm 2 . 
f y = 360 N /mm 2 . 



Solution: 

Step No.l: Calculate the following terms: 

Since the core is hollow circular section and is subjected to eccentric force, use 
interaction diagrams for hollow circular sections. 

D 3000 

r —— =-= 1500 mm 

2 2 


A c =^[(1500) 2 -(1100) 2 ] = 3.27x10" mm 1 = 3.27m 2 


P u 30000x1000 
fa.* e ~ 30x(3.27xlO s ) : 


= 0.306 


M u _ 19000xl0 6 

feu A c r ~ 30x(3.27x10 6 )x1500 


= 0.129 


Step No.2: Design of the reinforcement: 

Assuming 40 mm concrete cover, r'=1500-40=1460 mm 

g =— = 11 ^ 2 . - o. 9 7 
r 1500 

i = lM = 0 .75 

r 1500 
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Using the interaction diagram for hollow circular sections (Appends F) 

fy = 360 N/mm 2 , C = 0.95, r-Jx = 0.75 
Therefore p = 3 

oxf xlO- 4 =3x30x10“* =0.009>Pn™ (0.008).o.k 

a* “ y j cu 2 \ 

^.-^K)-» M9><<3 ' 27xio ‘ ) ' 2934om ”‘ < 96 ® 2 °- 30159 ”” * 

Step No.3: Stirrups design: . _ 7S . s mnV > 

Assume that we shall use 7 <j.l0/m' stirrups perimeter and A sp for 1 mm 
The volume of the stimips in 1 meter equals. 

For outer diameter: 

K s = nxA sp x(^xZ 7 s ) = 7x78.5x(a‘x2920) = 5.04x10® mm 3 . 

For inner diameter: 

K=«x4 x{pfx.D s ) = 7x78.5x(»-x2120) = 3.66x10 6 mm 3 

Jv +V =3.66xl0 6 +5.04xl0 6 =8.7xl0 6 mm 3 

• ’Y s total V sinner ^ souter 

~9^1xA =5^.x(3.27x10 6 )x1000 = 8.17x10 6 mm 3 <V—ok 
Fj.min ~ mo x c inn 



assigned to the inner diameter. 
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7.8 Interaction Diagrams For Box Sections 

Which is fr^uently foundinbuildinganTbridKes 3 ^ 1118 1S performed for box secti «n, 

similar to those for rectangular sections If l ° f the * 

section is greatly affected bv the area f th ■ ° V10us tbat tbe capacity of the box 

interaction diagram the thickness of the concretTwafl mM b^spiSed'^ 1 ’"' 8 “* 
as a ratio from the section width and depth („, and c b, as she™'^‘ S 8 ' V “ 



Fig. 7.22 Distribution of the reinforcement in boa section 


fstssss * e ~r “ d - >- «».y 

«P »ange ,h. aL of theTo," « £ sn°bS " iS “ "* 

compressed concrete The ECP „ btracted t0 obtain the exact area of the 
developing the charts The develnneH str ess-strain curve was used m 

evaluated by inteSna the cn P c ° mpressi0 » force in the concrete C c is 
subtracting the voSf eoa ^ M area With the ^ress-strain curve and 


steel and shouWbl uSorntydislrfbute^a* 6 ‘IfS*** 00 d,a ^ ram is the total area of 
the section (i.e. each face will have 1/8 of thetmal & S f ctlon and in both sides of 

n 


and 




f A c f m A t 

c" e cSe“^T"‘S™I 8 "'" by ,te raho with th, net 


* jotaf 


= MA C 


.(7.40) 


A c -b t -voidarea 

n example of the curves is shown in Fie 7 and • 

g. -Li and the rest is given in Appendix G. 
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Fig. 7.23 An example of an interaction diagram for box section (appendix G) 
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Example 7.16 

action ^ b ° X SCCti0n Sh0Wn “ flgUre if il is sub J ected to the following straining 

P u =9000 kN 

M u =2700 kN.m 

The material properties are as follows 

f cu =30 N/mm 2 . 

f y =360 N/mm 2 ' 



Solution 


1000 mm 


Interaction diagrams for box sections are used to design the given member. 
Since the thickness of the concrete walls is not given assume <x=0.15, thus 
at= 0.15 (1500)=225 mm 


ab=0.15 (1000)=150 mm 


700 mm 




1000 mm 
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The net area of the concrete A c equals 
A„ =1500x1000-700x1050 = 765000 mm 1 


P u = 9000x1000 
A c ~ 30 x 765000 


= 0.3921 


At, _ 2700 xlO 6 

f m A c t ~ 30x765000x1500 


■ = 0.078 


From the diagram with f y =360 N/mm 2 , ^=0.95, a=0.15 

p=6.2 

P = P x fcu xlO" =6.2x30x10"' =0,0186 

A SJoml =pA c = 0.0186x 765000 = 14229 mm 2 

Choose the area of steel multiple of eight and more than 24 bars 

Choose 56 <t> 18 (14250 mm 2 ) 


10 <U18 


4<j>18 at each comer 



10 4>18 


1000 mm 
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Design of Eccentric Sections 



2. Use the eccentric section curves 


7.9 Columns Subjected to Biaxial Bending 

7.9.1 General 

Designing a rectangular cross section for biaxial bending and axial load is a 
complicated process because the direction and the position of the neutral axis are 
difficult to establish. Furthermore, since the strain over the cross section varies linearly 
in both directions as shown in Figure 7.24, considerable computation time is required 
to establish equilibrium. 



Fig. 7.24 Strain distribution for columns subjected to biaxial bending 


The failure surface of sections subjected to biaxial bending is a three-dimensional 
surface as shown in Fig. 7.25. Any combination of P u , M ux , and M uy falling inside the 
surface is considered safe, but any point falling outside the surface is considered 
unsafe. The surface consists of infinite number of interaction diagrams as follows: 

1. Position 1 represents the uniaxial section capacity in x direction in which the 
neutral axis is parallel to x-direction (M lix ). 

2. Position 2 represents the uniaxial section capacity in y-direction in which the 
neutral axis is parallel to y-direction (M uy ). 

3. An inclined neutral axis such as position 3 represents the case of column 
under biaxial bending {M ux , M uy ). 

Another representation can be made by cutting the failure surface with horizontal 
planes called load level. This approach is adopted for preparing the design aids 
presented in the Appendix H of this book. 
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Load 


Position 1 P'u 


Failure surface 


Plane of constant P u 
load contour — 


r 


Plane of consta nt 0 


Position 2 



Position 1 


! 




Position 2 


1 Position 3 



Position 3 


Fig. 7.25 Failure surface for columns subjected to biaxial bending 

7.9.2 Exact Analysis of Biaxial Bending 

The analysis of sections subjected to biaxial bending is performed using compatibility 
of strains and equilibrium of forces. Defining the neutral axis distance from the origin 
as x NA with an angle <j> as shown in Fig. 7.26. The strain at any steel bar equals to 


s„ = 0.003 x- 


where d, = x, sin(^) + y. cos(^) and the neutral axis distance c equals 

c=x NA sin((zS) .( 742 ) 

It should be clear that a positive strain indicates compression and a negative strain 
indicates tension. The developed stress in each bar equals to 

fsi = E s x £„ = 200,000 x e si = 600 </-?- . n 43a ) 

c r 


The total force in each bar is 


f si = 600 — 

c r s 


. (7.43b) 


F si=A sl xf s . ..(7.44) 

where A si is the area of each individual bar 
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Fig. 7.26 Stress and strain distributions for a column under biaxial bending 


The moments of the reinforcement M sxi , M syi is taken about X and Y axis respectively 
for each bar as 

M« i =F s ,xy i ..(7.45) 


M syi = F s, XX i .( 7 ‘ 46 ) 

The ECP-203 does not allow the use of the equivalent stress block in the computation 
of the capacity of biaxially loaded columns, thus an integration process must be 
performed. The compression zone will be divided into small areas A -, and multiplied by 
the corresponding stress f ci . This procedure is used in a computer program developed 
for the propose of preparing biaxial interaction diagrams. The compressive force 
developed in each concrete segment is given by 

F*=f**, ......;.....(7-47) 

However, the previous procedure is not suitable in hand calculations. For hand 
computations, the equivalent stress block is used. Depending on the compression zone 
shape, it is divided into two or three areas and the developed force in each area equals 



0-67 *f a A 



(7.48) 
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co%re°sXeVorctmukinHed f°“ pre . Ssion fol ? e in each “S™ 3 * equals the individual 
multiplied by the distance from the axis X and Y as follows: 


M. = F. 


M cy, =F ci XX ci 


The total resultant capacity of the 


section P u equals to 




Jettion^lhhT^tricTSnf^ 6 aSSUme , d t0 . be located at to P last 'e centroid. For 
of gravity Thus if r, remf °rcement, the Plastic centroid coincides with the center 

ratfer than tSl “S ? ^“ t0tal m0ments any point 

M <“ =P “ xy ~0 l M ix< + Yj M cxi) .( 7 . 52 ) 

M v=P*x- £m,, + JX,) .(7.53) 

smettSfsectTonsx^b/Z^Ty^T ^ P ‘ aSt ‘ C * the aSSUmed axes ‘ For 

resultant eccentdciS (1?) faSTd? f®?*? depend ° n the eccerltn city, and the 
7 . 27 . ^ ^ ^ s usec * Por to calculations of these factors as shown in Fig. 


where 



(7-54) 



Ftg. 7.27 calculation of the eccentricity for a section under biaxial bending 
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Example 7.16 

Calculate the biaxial column capacity for the neutral axis position shown in the figure 
below knowing that: 

f cu - 25 N/mm 2 
f y = 400 N/mm 2 



Solution 

For the sake of simplicity, the equivalent stress block is assumed to be valid in such a 
case. The calculation of the capacity can be summarized in the following steps: 

Step 1: Moments due to Forces Developed in the Steel Bars 

c= 825 sin (30) = 412.5 mm 
The strain in the steel equals 

s si = 0.003 = 0.003 x 

“ c 412.5 

where d j =x, sin(^)+y,. cos(^)=x f sin(30) +y f cos(30) 



di=54.6 mm 
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Positive strain indicates compression and vice versa. The stress in each bar equals: 

/„= 200,000x^5 2k 

y s 

Since most of the section is in compression (e/t is small). Assume e/t=0.27. 

, , (7 0.27) . , 

y. =1.5x —-- »1.6 

U 3 J 

Thus concrete and steel safety factors equals y s =1.24 and y c =1.6. This assumption will 
be verified later. The area of one bar <t> 28 mm equals=615.75 mm 2 
The force in each bar equals 

F si = A si xf, =615.15xf s) 

The moment capacity of the section is calculated by taking the moments of the forces 
about any point (for example point o). The moments of the forces resisted by the steel 
reinforcement M sxi , M syi are taken about X and Y axes. The moment of the resultant 
force P u should be considered since point o does not coincide with the plastic centroid. 


M st, = F s< M s) „ =F si x Xl 

Calculations of moments due to forces developed in the steel bars 


Xl 

mm 

Yi 

mm 

4 

mm 

£,si 

fsi 

N/mm 2 

F si 

kN 

M sxl 

kN.m 

M ■ 

| lvi syi 

kN.m 

40 

40 

54.6 

'0.00260 

322.6 

198.63 

7.95 

7.95 

360 

40 

214.6 

10.00144 

1287.8 

. 

177.21 

7.09 

63.80 

40 

360 

331.8 

i0.00059 

117.4 

72.31 

26.03 

2.89 

360 

360 

491.8 

-0.00058 

-115.3 

-71.00* 

-25.56 

-25.56 


377.15 

15.50 

49.07 


*(tension force) 
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Calculations of moments due to forces resisted by concrete 


No 

shape 

bi 

mm 

U 

mm 

Area 

mm 2 

Xci 

mm 

yci 

mm 

Fa 

kN 

Mcxl 

kN.m 

Mcyi 

kN.m 

1 

mi 

400 

150.11 

60044.43 

200.00 

75.06 

628.59 

47.18 

125.72 

2 


400 

230.94 

46188 

133.33 

227.09 

483.53 

109.81 

64.47 

Total 

1112.12 

156.98 

190.19 


Step 3 ‘- Total Forces and Moments in Concrete and Steel 

^, = IX+X^ 

P u = 377.15+1112.12= 1489.27 kN. 

Since the section is symmetrical, the plastic centroid coincides with the c.g. Thus the 
location of the section compressive force P„ (the resultant) is at 200 mm from both X 
and Y axes. Since the moment is not taken at the plastic centroid of the section, 
contribution of the P u must be taken into consideration, thus the total moments about 
point o equals 

M m = 1489.27 x 200/1000 - (15.50 + 156.98) = 125.36 kN.m 
M„ y = 1489.27 x 200/1000-(49.07 +190.188) = 58.6 kN.m 


X 





Step 4: Check reduction safety factors 


f, 

t P u xt 


125.36 

1489.27x0.40 


= 0.21 m 


b Pxb 1489.27x0.40 


= 0.098 m 


e 


/ \ 

2 

f \ 


+ 

fy 

UJ 


J 


= 0.24 


(l 0 24, 

v = 1.5x --— = 1.63 »1.6. ok 

U 3 1 


(7 O 94 ' 

Y s — 1.15x | = 1.25«1.24. ok 

16 3 


o 


— 

• • 

~r 

'Pu 

e J_ 

e x — 3 [— 

-, 

« 


1 

• • 

i 400 : 

1 I 

i 


Y 
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7.9.3 Minimum Eccentricity for Biaxially Loaded Columns 

The Egyptian code states that for columns subjected to biaxial bending, the moment 
applied on either direction can be neglected if the eccentricity caused by this moment 
is less than code minimum eccentricity of 0.05 t or 20 mm. The column in such a case 
will be designed as if it is subjected to a uniaxial bending as shown in Fig. 7.28. 




Design for P u , & M u 
Neglect Muy 


Design for P„ & M h 
Neglect M ux 


Design for P u only 
Neglect M ux and A/,, 


Fig. 7.28 Minimum eccentricity requirements for biaxially loaded columns 
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700 mm 




































7.9.4 Biaxial Interaction Diagrams 

E“sr,rcut™sT urf “ e - A ^ «XS 

required calculations. The program can be summarized in the following steps 

L JJ* n6Utra ! axis j s flrst assumed with certain inclination angel <b the forces 
and moments m the reinforcement steel are evaluated. 

2 ‘ il h r f °f e ^ thC C ° nCrete is determined' through the integration of the 
compTesled area' 6 Str6SS ^ ^ ^ e ^ uivalent stress flock) with the 

3 ' „i trla ! and ad j ustment procedure is performed by changing the neutral axis 
inclination and/or position until the equilibrium is achieved. § 

thC desired load Ieve1 ’ moments are evaluated and a point 
m the interaction diagram is plotted. P 

5 ' nSf the SamC reinforcement index (P) and load level R b , several neutral axis 

fom nv S a are aSSUm . ed and the corresponding bending moments are plotted 
forming a curve on the interaction diagram. P 

6 ‘ Ji e u ar f a ,°! thG f eel deter mined from the charts and should be uniformly 
distributed along the cross section. ummrmly 

7.9.5 The use of Biaxial Interaction Diagrams 

<refa “ F,g ' ^ “ d ■"«-* H, can 

i n 55 ' 

1- Evaluate the load level R b using the following equation 

R " = ~Ar 

feu bt 

2- Calculate the non-dimensional biaxial moments quantities 

. M 

~TT~2 an d - 

f « bt feu 1 b 2 

3 ‘ ^revTous 6 ™ mdex P from required load level chart using the 
previous non-dimensional moments. If the desired load level is not 

4- Calculatfre? “*[ erpolat ‘ on t0 find P usin g charts of higher and lower value 
4 Calculate the total area of steel using the following 

M = Pxf cu xlO^ 

^s.total ~pbt 

This area of steel should be distributed uniformly (uniform in area) alone the 

rr=s; u “ be ““ ■- .*■ - is: 


A computer program was prepared to carryout the computations required to construct 
the biaxial interaction diagrams. An example of the developed interaction diagrams for 
biaxially load column is shown in Fig. 7.29. The rest of the design aids is given in 
Appendix H. 



Fig. 7.29 Interaction diagram for biaxially load columns (appendix H) 
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Example 7.18 

Design the reinforcement for a short column subjected to biaxial bending accompanied 
with compressive force using the following data: 


=35 N/mm 2 
=360 N/mm 2 
=1200 kN 
=215 kN.m 
=65 kN.m 


M„x=215 kN.m 


M uy = 65 kN.m 


Solution 

Step 1: Calculate the following terms 


250 mm 


P u 1200x1000 
fcub t ~ 35x250x600' 


= 0.228 


M m 215 xlO 6 
fjb t 2 _ 35 x250x 600 2 


- = 0.0683 


M uy 65x10 s 

fj b 1 ~~ 35 x 600 x 250* 


- = 0.0495 


0.0495 

0.04 



0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0 .26 0.28 

0.0683 
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Step 2: Calculate reinforcement area 

Since the desired load level R b =0.228 is not available in the biaxial interaction 
diagrams (see Appendix H;//=360 N/mm 2 , 0.8), interpolation is performed between 
R^O.2 and 1^=0.3 


Rb=0.20 

Rfc=0.30 


• p =5.0 

• p =6.8 


Interpolating for Rb=o .228 


• p =5.5 


p = p f cu 10- 4 = 5.5 x 35 x 10 4 =0.0193 >p mta (0.008) and < P™»(0.04) 
A s>total = p b t = 0.0193 x 250 x 600 = 2895 mm 2 =28.95 cm 2 
Choose 12 <5 18. 


As/4 = 4<D18 
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7.9.6 ECP-203 Design Procedure for Biaxial Bending 

The calculation procedure for sections subjected to biaxial bending is laborious. Many 
esign codes including the Egyptian code adopt the use of the simplified methods for 
designing members subjected to biaxial bending. 

The approximation used in the ECP-203 is to assume that the interaction curve can be 
represented by two straight lines. Then, transferring the two applied biaxial moments 
into one magnified ( increased) uniaxial moment either M' x or M\ depending on the 
ratio of the applied moments and the load level. Fig. 7.30 shows the ratio between the 
section capacities in each direction. 



b 


Fig. 7.30 Developemtn of the ECP-203 design method 
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The angle X can be calculated as 


M[ M x 

tan X - - a ’ .( 7 - 55 > 

b’ 

where M x is the design moment, and M' x is the magnified.moment 


Defining p as tan X gives 


similarly M' y 



(7.56) 

(7.57) 

(7.58) 


The previous equations are the basis of the code-simplified equations, in which the 
value of the factor p was determined from the comparisons with the biaxial interaction 
diagrams. 



Fig. 7.31 Load contour for different reinforcement ratios and load levels. 
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Fig. 7.31 shows that for the same reinforcement ratio, the moment capacity for 
columns with low load level is more than the moment capacity of columns at higher 
load levels (above the balanced point). Also, the angle A differs from one load level to 
another, and a constant value cannot be used. Thus, using A determined from high load 
level (R b =0.5) will lead to unconservative values of M' x for load levels near the 
balanced point (R b =0.2) (point A instead of point B). The actual variation of P (tan A) 
with load level is nonlinear. However, the code approximates the relation with a 
conservative straight line given in Table 7.2 or the following equation. 


P — 0 . 9 -^- > 0.6 
2 

< 0.8 


(7.59) 


Table 7.2 Values of P for different load levels 



Figure 7.32 represents the actual values of p determined from the strain compatibility 
method versus the code approximate values. It can be seen that code value will yield 
always a conservative design than using the interaction diagrams. The average area of 
steel using the simplified method is about 10-20 percent higher than the actual vales as 
shown in Fig. 7.32. However, better accuracy can be hardly obtained from such a 
simplified design method 



Load level, R 


Fig. 7.32 Comparison among actual and code values for P 
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4- Calculate the total area of steel by determining the reinforcement index p 

P = P*fcu xl(rt 

A SJO tal ~ Pb t > A sm i„ 

This area of steel should be distributed uniformly (uniform in area) around the cross 
section perimeter. There should be at least 3—>4 bars in each side of the column to ensure 
uniformity as shown in Fig. 7.33. 



Fig. 7.33 Reinforcement details for biaxially loaded columns 
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Example 7.19 

Design a comer column in » braced bui|d 
Pu =1620 kN 

e x = 0.068 m 

e y = 0.2345 m 

The material properties are 
feu =30 N/mm 2 

fy =280 N/mm 


if it is subjected to 



Solution 

Since the column dimension? 

column width of 250 mm Thus*^ ^ glV6n ’ assume * oad l ev el °f 0.3 and assume 
-^ = 0.3 = 1^20x1000 

fcu b ‘ 30^250x7 

t=720 mm 

Try a column with 250x750 mm 

Determine the actual load w P i d • , 

Rb using the following equation 

R, ^ 620 xiooo 

feubt 30x250x750 = °' 288 

Eq. 7.59 6 12 an<1 USmg mter P° lation between R b =0.2 and R b =0.3, or directly use 


^ = 0 . 90 -^ = 0 . 90-^288 
2 ’ 2 


= 0.756 


Calculate the applied mo mo , 

ments using the given eccentricities 

Mx = P “ *> =1620x 0-2345 = 380 kN.m 

=1620 x 0.068 = 110 kN. m 

Assume concrete cover = 30 

reinforcement to the concrete surfke45 ^ diStanCe from the center line of the 
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a'= 750-45 =705 mm 
b' = 250- 45= 205 mm 


Since M x /a'= (380/705) > (My/b') =(110/205), the design moment will be taken about 
x. Using Eq. 7.57 gives 

M' x + P{jp\ M y = 380 + 0.756 110 = 665.99 kN..m 

M' x 665.99 x 10 6 Q1 
f cu bt 1 30 x 250 x 750 2 


C = —————— = 0.88 

750 

Using uniaxial interaction (uniformly distributed steel) f y = 280 N/mm 2 
Since £,=0.88 use interpolation 

For £=0.9 p =14.0 
For ^=0.8 p =16.0 

Therefore for Q= 0.88 —»—>• p=14.4 
p = 14.4 x 30 x 10' 4 = 0.0432 > ^(0.008) and <p max (0.06) 

A s ,totai = p b t = 0.0432 x 250 x 750 = 8100 mm 2 


The number of bars should be the multiple of 4, thus choose 16 <|> 28. 
The bars are distributed equally on the four sides. 


16 4> 28 



250 mm 












7.9.7 Biaxial Bending in Unsymmetrically Reinforced 
Sections 

sections in which the steel is not uniformlyTswS^ ^ deSlgmng biaxlally loaded 

l^fo of f f°Z ^ en by 

about x td Y S l7 lifled meth0d (7 - 9 - 2) may be used - The magnified moments 
(P u lf» b a) <0.5() e a; follows: M * “* m ° dlfied ^ 53016 f3Ct ° r P rovided ** 

R - P. 

b f cu ba .(7.60a) 

M , = <* b M x .(7.60b) 

M y^ a b M y .(7.60c) 



Fig. 7.34 Biaxial interac tion diagram for unsymmetrically reinforced sections 01 
1 Developed by the authors 
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The uniaxial bending interaction diagrams (top and bottom steel only-Appendix B) is 
used twice to calculate the area of steel for each direction. 

This approach is easy to use in routine calculations and yields approximately the same 
results obtained through the interaction design curves for biaxially loaded members 
with unsymmetrical reinforcement. The suggested values of oc b are given in Table 7.3. 
It can be noticed that the values of the coefficient a b are symmetrical about 
(M x /a')/(My/b') =1 (case of uniform steel). It can also be noticed from Fig. 7.35 that the 
general practice of designing rectangular reinforced concrete beams subjected to pure 
biaxial bending (R|,=0) twice by using the design moments M x and M y without 
magnification (a b =l) is valid. However for sections subjected to biaxial bending with 
normal force this assumption will yield unconservative results, as the design bending 
moments need to be magnified. 

1.9 


1.7 


1.5 

JD 

a 

1.3 


i.i 


0.9 


0.7 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

Rb 

Fig. 7.35 Actual values of a b for rectangular cross sections 
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Table 7. 3 values of a b for rectangular cross sections 



Photo 7.8 Biaxially loaded corner column in court house 
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Design Steps for biaxially loaded columns 
reinforcement 


with unsymmetrica! 


1- Calculate the applied load level and moment ratio using 


R„ = 


K . Mja' 

fa, b a an Mjb' 


2- From the table determine a b factor R b <0.50 , use interpolation if required 


M’ = a b M x 


My ~oc h M y 


3- Use Top and bottom s teel interaction diagrams twice to 
index p, calculate the total area of steel. 


determine the reinforcement 


Using - M* . - and 


f,ba 


Lu b a 


determine n x = /?*/<* xl ° 


M\, 

Usings ——■ and 


Jcuab 2 


——— determine n = p*fm 
feu b a 


= ju b t and — = M y b t 

2 2 


i • t pA at the opposite face 

The area of steel determined for each direction should be duplica 
as shown in Fig. 7.36. The total area of steel equals 


A sx + A a ,=Uju x +My)ba 



Fig. 7.36 Analysis of sections with unsymmetrical reinfor 
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Example 7.20 

subjected f ° r * Sh ° rt interi ° r Column 
Column size 300 x800 mm 
P u 
M u; 

M u , 

4 


= 1440 kN 
= 580 kN.m 
=120 kN.m 
= 30 N/mm 2 
= 400 N/mm 2 


M„,—580 kN.m 


M uy =120 kN.m 


Solution *—-H 

300 mm 

Step 1: Calculate the magnified moments. 

Assuming concrete cover 40 mm, thus 
a'=800-40=760 mm 
b'=300-40=260 mm 
Calculate 

MjJa' 580/760 


M uy !b’ 120/260 


= 1.65 


R k 


. f l 1440 x 1000 

feu b a 30 X 3007800 = °‘ 2 ° 


Note that the comer bar is 
divided between x and y 
directions 



X 


From Table 7.3 in this text and by using interpolation otb=1.587 


Rt,=p„/ 

OO 

3 

Kl 



0.5 

0.33 

0 

R b <0.1 

1 

1.2 

■a 

■ 

a 

1.25 

1.20 

1 

d. -n o 

J 

7 7.K 


H82 

1.50 

1.35 

1 

r\b 



HM 

R b =0.3 

1 

1.25 

1.35 

1.4 

1.35 

1.25 

1 

R b =0.4 

1 

0.95 

0.95 

0.95 

0.95 

0.95 

1 

Rb=0.5** 

1 

0.65 


E 

).75 

0.70 

0.65 

1 


M' x = Mm - a* = 580 (1.587) = 920.2 kN.m 

M’ y = M uy . a.b = 120 (1.587) - 190.4 kN.m 
Calculate the non-dimensional quantities: 


M’ x _ 920.2 x 1000 x 1000 
f cu b a 2 ~ 30 x 300 x 800 2 


M' 190.4 x 1000 x 1000 


f^b 1 


30 x 800 x 300 2 


= 0.159 


= 0.088 


C = 800-2x 4 0 = Q90 


4 = 


800 

250-2x40 

250 


= 0.685 « 0.70 


Using the regular uniaxial interaction diagrams with symmetrical reinforcement top 
and bottom (f y =400 N/mm 2 , a=l) 


Step 2: Area of steel for M 

P„ M' 


7=0.9, 


= 0 . 20 ,- 


feuba ^ fcub a 1 

p x = 3.4 

p x = p x f cu 10" 4 = 3.4 x 30 x 10 4 = 0.0102 
A S =A' S =AJ2 

(AJ2) = p x b a = 0.0102 x 300 x 800 = 2448 mm 2 


= 0.159, the reinforcement index (p x ) equals 


(@each side) 
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Step 3: Area of steel for M' y 

p M’ 

Ci, =0.7, —-— = 0.20,- = 0.088, the reinforcement index (p y ) equals 

f m ba f cu a b 2 

p y = 1.6 

fly = p y £ u KT 4 = 1.6 x 30 x KT 4 = 0.0048 

(A sy /2)= (iy b a = 0.0048 x 300 x 800 = 1152 mm 2 (@each side) 

Step 4: Final design 

A s , m in= 0.008 x 300 x 800 = 1920 mm 2 
Ayotai = A sx + Asy = 2 (2448 + 1152) = 7200 mm 2 > A s , min 
A 7700 

/i = sjmU =-— = 0.03 <(p maK =0.04 for interior column) 

bxd 300x800 

(choose 12 <I> 28, 7389 mm 2 ) 

Note : The comer bar is divided between x direction and y direction 
[A sx /2 = 5 <t> 25 (2454 mm 2 ), A sy /2= 3 <D 25 (1473 mm 2 )] 


5#25' 



5^25 


3^25 


7.9.8 Circular Columns under Biaxial Bending 


Biaxial moments applied to circular sections can be transformed into equivalent 
uniaxial bending. This procedure is possible because the bending strength of circular 
columns is the same in all directions due to the complete symmetry of the section. 
Thus the design of a circular column subjected to biaxial bending (as the one shown in 
Fig. 7.37) is the same as the one subjected to uniaxial .bending but with a resultant 
uniaxial moment equals 




Fig. 7.37 Circular sections under biaxial bending 

The previous procedure is valid in case of using almost uniform steel distribution. Ihe 
use of at least 12 bars is considered sufficient to ensure uniformity. 
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Example 7.21 

Design a circular column in a braced building if it is subjected to: 
P u =560 kN 
M ux =275 kN.m 
M uy =140 kN.m 

The material properties are 

feu =25 N/mm 2 
fy =240 N/mm 2 

M uy =140 kN.m 


—h M ux =275 kN.m 


D=600 mm 


Solution 

The column is subjected to biaxial bending moments. It can be designed to withstand; 
resultant moment M u 


M u = V275 2 + 140 2 = 308.58 kN.m 

Assume concrete cover of 30 mm 
/ = 300-30 
r 300 


P u 560x1000 
/„ r 2 25x300 2 

M u 308.58xlQ 6 
f a r 3 ~~ 25x300 3 


= 0.2489 


= 0.457 


M u =308.58 kN.m 



D=600 mm 
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Using interaction diagrams for circular sections (Appendix E) f y - 240 N/mm 2 , Cp 0.9 

p=6.8 

P = P feu xl0‘ 4 =6.8x25 xK) 4 =0.017 >p„,k (0.008) and < iw (0.04) 

A sma , = 0.017x7rx300 2 = 4806mm 2 

Choose 16 <j> 20 


6$ 10/m' 



D=600 mm 


Reinforcement detail 


Assuming that the lateral reinforcement is 6 <j>10/m', thus the volume of the stirrups V s 
equals (A b(( |, 1 o)=78 mm 2 ): 

V s =n7tx.D k A b = 6xttx 550x78 = 808645 mm 3 

v . = M5 x £ xi )* x i000 = — x-x600 2 x 1000 = 706858 mm 3 <V S . o.k 

s - mm 100 4 100 4 
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7.9.9 Interaction Diagrams for L-Sections 

L-section columns are often encountered in the comers of buildings. Most of these 
columns are subjected to bending in addition to the normal force. Since L-sections are 
not symmetrical about either axis, evaluating their strength is very complicated and 
time consuming. In addition, the eccentricity of the applied load with respect to the 
ocal axes affects the resistance of the section. Developing interaction diagrams for L- 
sections is a design tool without any approximations. The construction of the 
interaction diagram for L-sections is similar to that for rectangular columns subjected 
to biaxial bending, but the neutral axis has to be assumed in one of four positions as 
shown m Fig. 7.38. 

The developed charts are limited to columns that are symmetrical about a 45° axis as 
m Fig. 7.38. Furthermore, the width of the column b is defined as a ratio from column 

height 2 = -. 
t 



Fig. 7.38 Different positions for the neutral axis in L-sections 
The load level is determined by normalizing the applied compressive force with the 


net concrete area A a 

R ‘‘jfX .< 762) 

A c = bxt +b(t -b) = 2xt xb - b 2 . ; .(7-63) 
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The moment is normalized with respect to the net concrete area A c and the section 
thickness t. 

A , 1 

The area of steel should be at least 16 bars and should be a multiple of 8 to ensure 
uniformity and equals 

A sm „=MxA c ..(7.64) 

An example of these charts is shown in Fig. 7.39, the rest of the charts is given in the 
Appendix I. 

Interaction Diagram for L-Sections 

-- ■ - f =360 N/mm 2 , £=0.85, X=0.35, R b =0.20 


wmmms& i 


wssmm 
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M - P fa, 


Fig. 7.39 Biaxial Interaction Diagrams for L-sections (appendix I) 

366 












Example 7.22 

Determine the area of steel required for an L-shape reinforced concrete column that is 
subjected to the following straining actions: 

P u =950 kN 
M„ x =180kN.m 
M uy =115kN.m 

The material properties are as follows: 

f cu =25 N/mm 2 S 

f y =360 N/mm 2 ! 

M uy =115 kN.m 



Solution: 

Calculate the area of the concrete section A c 
A c = 500 x 250+ 250 x 250 = 187500 mm 1 

A.J-^0.5 
' t 500 

Note that the direction of the given moments will produce a compression in zone 1, 
thus the normal force will be as shown in figure. 

Calculate the following terms 

R h = ——— = —— ° — = 0.202 1 p 

b f m A c 25x187500 j P u 

Muy=tlSkN.m • 

M m 180x1000x1000 
f ca A c t ”25x187500x500 


M ay 115x1000x1000 
f m A c t .25x187500x500 



Referring to chart (in Appendix I) with R b =0.2, X=0.50, C=0.85 the compression zone 
in the first quarter of the chart, the reinforcement index p can be obtained as follows 



p= 10.2 

p = p f cu 10~ 4 = 10.2 x 25 x 10- 4 =0.0255 

A s , t0 ,ai = p Ac = 0.0255 x 187500 = 4781.25 mm 2 

The area of steel should be at least 8 bars and should be a multiple of 8 

Areaof one bar = 299 mm 1 

J 16 

As,choscn = 16 ® 20, 5026 mm 2 
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SLENDER COLUMNS 




Photo 8.1 Unbraced slender columns at Rice University,-USA. 


8.1 Definition of Slender Columns 

Consider a very short column subjected to increasing axial load, eventually the 
compressive stress is exceeded and compression failure occurs. Now consider a 
relatively slender column subjected to increasing axial load, when the load reaches a 
certain value, the column begins to bend about its weaker axis and deflect laterally. 
The column is said to have buckled. 

For a pin-pin ideal column (without any imperfections) the buckling load (also called 
Euler load) is given by 

7V 1 (El) ..(g.l) 

cr . L 1 

in which El is the flexural rigidity and L is the ’column length. 
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fl™^ C ° 1U !™ !ir re Ukely t0 buckle when either the len S th (L) is increased or the 
, ngl ' ty ls redu ced. Up to Euler load, for a perfectly straight member, the 
u „ IS t S * able Wlth °ut any lateral deformation. However, at Euler load, the column 
• , , be at “furcation “ unstable ” equilibrium, in which it will buckle laterally with 
te ], m i a ® n * tUC ^ e ‘ Previous behavior is applied for perfectly straight 
mn, which almost does not exist in reinforced concrete industry. Columns will not 

be exactly vertical and loads are always slightly eccentric. 

Figure 8 la shows a pin-ended column before loading. Assuming that the column is 
“ eccentricity e, then it will laterally deflect by an amount <Jas shown in 
, T h ‘ S J ateral deflection increases the moments for which the column must be 

orrnrc ct a i, 6 ^umetrically loaded column shown here, the maximum moment 
occurs at mid-height where the maximum deflection occurs, 
he moments at the ends of the column are: 



(a) Before loading 




JyM=P(e+8) 

P T 


Sec. A-A 


Fig. 8.1 Straining actions for a deflected column 


M. =Pe .;.. 

For equilibrium, the internal moment at mid-height must be 


(8.2.a) 


M =P(e+S) .(8.2.b) 

load c °^ mn 18 defined as a column that has a significant reduction in its axial 
oaa capacity due to moments resulting from lateral deflections of the column. 


Figure 8.2 shows an interaction diagram for a cross-section of a reinforced concrete 
column. This diagram gives the combinations of axial load and moment, which are 
required to cause failure of a very short column. The dashed radial line OtA is a plot 
for the end moment on the column in Fig. 8.1b. Since the load is applied at a constant 
eccentricity, e, the end moment, M e , is a linear function of P, as given by Eq. (8.2.a). 
The curved solid line O-B is the moment M c at mid-height of the column, given by 
Eq. (8.2.b). At any given load P, the moment at mid-height is the sum of the end 
moment, Pe, and the moment due to the lateral deflection, P5. The line O-A is referred 
to as a load-moment curve for the end moment, while the line O-B is the load-moment 
curve for the total column moment. If the column is slender, failure occurs when the 
load-moment curve O-B intersects the interaction diagram for the cross-section at 
point B as shown in Fig. 8.2. Because of the increase in maximum moment due to the 
secondary moments, the axial load capacity is reduced from A to B. This reduction in 
axial load capacity results from what are referred to as slenderness effect. Since, 
failure still occurs at one of the points of the interaction diagram, it is called material 
failure. 

For very slender columns, failure occurs well within the cross-section interaction 
diagram because of the pronounced second-order effect (slenderness effect). This type 
of failure is called stability failure. In this type of failure, the collapse load of the 
column (point C) is less than the actual material given by the interaction diagram. 



Fig. 8.2 Loads and moments in short and slender columns 
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8.2 Classification of Buildings 

The Egyptian Code ECP classifies concrete structures as being braced ox unbraced. 

Many concrete building structures are braced by providing shear walls, cores, or 
elevator shafts. The stiffness of these elements is considerably higher than the 
columns themselves and may be assumed to attract all horizontal forces (Fig. 8.4a). 


An unbraced building is the one that resists the lateral loads by the framing action of 
the beams and the columns or that is provided with flexible shear walls (Fig. 8.4b). 
According to the ECP-203, a building that does not contain shear walls is considered 
unbraced. 


According to the Egyptian Code, a building that contains shear walls or cores that 
extend the full building height can be considered braced at a certain direction if they 
were symmetrically distributed and satisfy the following equation: 



< 0.60 


for n >4 


(8.3a) 


< 0.20+0.In for n< 4 .(8.3b) 


where 


H b = height of the building in meters above foundation 

N = sum of all unfactored vertical loads of the building (total working gravity 
loads) 

£ El = sum of the flexural rigidities of all the vertical stiffening elements 
under service conditions, 
n = number of stories. 

E =4400^ 

It should be mentioned that a building can be considered braced in one direction and 
unbraced in the other depending on the distribution of the walls on plan. Fig 8.4 shows 
examples of braced and unbraced structures. To check the bracing of a building in the 
two directions, one has to calculate the values a. K and a y as follows: 



(bracing in x-direction) 


(8.3c) 



(bracing in y-direction) 


(8.3d) 


Example 8.1 illustrates the application of the above equations 
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Fig. 8.3 Classification of buildings according to ECCS 203 









Stiff shear walls 



(a) No shear walls or core) (b) (shear walls system) 

Unbraced structure Unbraced in Y-direction 

Braced in X-direction 


! 


■i 

5 

i 


: : 


Stiff shear Stiff shear walls 



(c) shear walls system (d) shear walls+core system 

Braced structure in X&Y directions Braced structure in X&Y directions 


Y 



Fig. 8.4 Examples for braced & unbraced structures 
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8.3 Braced and Unbraced Columns 

Columns located in braced structures are referred to as braced columns. Columns 
located in unbraced structures are referred to as unbraced columns. 

Eccentrically loaded braced slender columns are subjected to additional moments due 
to the fact that the center-line deviates from the original vertical (un-deformed) shape. 
This is called additional moments due to member stability effect (Fig. 8.5a). 

Unbraced columns are subjected to additional moments due mainly to lateral drift 
effect, which occurs due to the fact that each story is laterally shifted with respect to 
the one below (Fig. 8.5b). Member stability effect still exists but has a minor effect. 

It should be noted that member stability effect results in additional moments in braced 
slender columns. On the other hand, lateral drift effect results in additional moments 
in unbraced short columns as well as in unbraced slender columns. In unbraced 
slender columns, however, member stability effect might increase the additional 
moments. 


Relative displacement 
between column ends 



a) Braced column b) Un-Braced column 


Fig. 8.5 Braced and unbraced columns 
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8.4 Slenderness Considerations in the Egyptian Code 

This section outlines the procedure adopted by the Egyptian Code for slenderness 
consideration. 

8.4.1 Code Definition of Slender Columns 

The degree of slenderness is generally expressed in terms of the slenderness ratios 

1_ H e 

VX .(8-4.a) 

or 

4 ...(8.4.b) 

in which 



and 

H *= kH 0 .( 8 . 6 ) 

where 

H* = the bu ckling length or the effective height of the compression member, 
b = the column dimension perpendicular to the axis of bending. 

k - length factor which depends on the end conditions of the compression member 
as well as the bracing conditions. 

Ho — unsupported (clear) height of the compression member. 

1 = the radius of gyration of the. cross section and can be taken as 0.3 b for 

rectangular section and 0.25 D for circular section. For other shapes, I may be 
computed for the gross concrete section. 

According to the Egyptian Code, slender columns are defined as those that have 
slenderness ratios greater than those mentioned in Table (8.1) but not more than those 
mentioned m Table (8.2). The minimum area of steel for slender column is given by 


T.min - A mi„ *b Xt .(8.7a) 

V™* = 0 - 25 + 0-052 A h (for rectangular columns) .(8.7b) 

A m in = 0.25 + 0.015 2, (for other columns) 
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(8.7c) 


Table (8.1) Limits of Slenderness Ratio for Short Columns 


Column Status 

or 

X D 

* 

Braced 

15 

12 

50 

Unbraced 

10 

8 

35 


Table (8.2) Limits of Slenderness Ratio for Slender Columns 


Column Status 

or \b 

X D 

h 

Braced 

30 

25 

100 

Unbraced 

23 

18 

70 


8.4.2 Unsupported Height of a Compression Member (H„) 

The unsupported height H 0 of a compression member shall be taken as the clear 
distance between floor slabs, floor beams, girders or other members capable of 
providing lateral support for the compression member. Where capitals or haunches are 
present, the unsupported length shall be measured to the lower extremity of the capital 
or haunch in the plane considered (see Fig. 8.6). It should be noted that the buckling 
length may be different in X-direction than Y-direction as shown in Fig. xx 


TT , , TT , , IT 



a) Slab-beam type b) Flat plates c) Flat slab with 

columns heads 

Fig. 8.6 Unsupported length of columns (H 0 ) 
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8.4.3 Effective Height of a Compression Member (H e ) 

Columns supported by hinges and rollers do not exist in real structures. The ends of a 
real column are retrained against rotation by their supports, and moments always 
develop. The effective length concept can be established by examining the 
deformation of the buckled column with that of a pin-pin column. 

The buckling length or the effective height of a compression member (He) is the 
distance between the points of inflection of the diagram representing the buckled 
shape of the member. It depends on the end conditions of the column and whether it is 
braced against side-sway or not. 

The definition of the effective height is illustrated in Figs. 8.7a and 8.7b for braced 
and unbraced columns, respectively. 

For braced columns, k is the smaller of: 


k =[0.7+0.05 (a, + a 2 )] < 1.0 .(8.8a) 

k =[0.85 + 0.05 (« min )] < 1.0 .(8.8b) 

For unbraced columns, k is the smaller of: 

k = [1.0+0.15 (a, +« 2 )] ^ 1-0 .(8.9a) 




*= [2-0 +0.30 (a*)] > 1.0 . 

where 

a \ > «2 = Ratio of the sum of the column stiffness to the sum of the beam 
stiffness at column lower and upper ends respectively 
a m j n = Smaller of ay& a 2 

The coefficient a is given by 

E(*» h!L b ) . 


(8.9b) 


( 8 . 10 ) 
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Where 


E c = modulus of elasticity for columns 
Ey - modulus of elasticity for beams 

l c - gross moment of inertia of the column cross-section without considering the 
steel reinforcement 

I h = gross moment of inertia of the beam cross-section 
L b = clear span of the beam 

H a = clear height of the column 

Special cases 

- a=l .0 for a column connected to a base designed to resist column moment. 

- a=10 for a column connected to a base that is not designed to resist moment. 

- a=1.0 for simply supported beams framing into a coluPmn. 

Notes: 

- When calculating the flexural rigidity of the beam cross-section that has a T shape or 
L shape, the width of the flange is taken as follows 

B is the smaller of (l6; s +b)/2 or (L 2 /5+b)/2 for a T-section 

B is the smaller of (6 t s +b)/2 or (L 2 /\0+b)/2 for a L-section 

The Egyptian Code permits the use of the gross moment of inertia of the beam section 
and allows taking the effect of cracking of the beam through using half the value of 
the gross moment of inertia of the beam section. 

- The ratio (a) may be calculated in flat slab construction on the basis of an 
equivalent beam having the width and the thickness of the column strip of the slab 
in the direction of analysis. 

As a simplification, the Egyptian Code gives the values of the factor (k) for four cases 
of end restraint condition. The values of (k) are given in Table (8-3) for braced 
columns and in Table (8-4) for unbraced columns. 
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1 


I.P. 


Y- 


i.p. 


A 


ip 

( 1 )k= 1 .o 



(a) Braced columns 




(b) Unbraced columns 


Fig. 8.7 Effective heights of columns 


Table (8-3) Values of (k) for Braced Columns 


End condition at top 

End condition at bottom 

1 

2 

3 

1 

0.75 

0.80 

0.90 

2 

0.80 

0.85 

0.95 

3 

0.90 

0.95 

1.00 


Table (8-4) Values of (k) for Unbraced Columns 


End condition at top 

End condition at bottom 

1 

2 

3 

1 

1.20 

1.30 

1.60 

2 

1.30 

1.50 

1.80 

3 

1.60 

1.80 

- 

4 

2.20 


- 


The four conditions are as follows: 

i) Condition 1: The end of the column is connected monolithically to 

beams that are at least as deep as the overall dimension of the column 
in the plane considered. Foundation designed to withstand moments is 
considered in this category. 

ii) Condition 2: The end of the column is connected monolithically to 

beams or slabs that are shallower than the overall dimensions of the 
column in the plane considered. 

iii) Condition 3: The end of the column is connected to members which, 

while not specifically designed to provide restraint to rotation of the 
column, nevertheless, provide some nominal restraint (hinged base). 

iv) Condition 4: The end of the column is unrestrained against both 
lateral movement and rotation (i.e cantilever column). 

Note: The unsupported height of the column might be different in the two orthogonal 
directions (X- and Y- directions). Figure 8-8 shows an example for such a case. 
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8.5 Design Moments in Slender Braced Columns 

The Egyptian Code takes into account the increase in the applied moments in slender 
columns by adding to the original moment an additional moment. The additional 
moment is assumed to occur due to interaction of the applied load with the lateral 
deflection of the column. 

8.5.1 Calculation of the Additional Moments 

According to the Egyptian Code the additional moment (M lM ) induced by the 
deflection (S ) is given by: 

= PS .(8.11) 

Figure 8.9 illustrates a case of a rectangular column subjected to additional moments 
in two directions. 



b 

Fig. 8.9 Calculations of additional moments 



( 8 . 12 ) 

(8.13) 

(8.14) 
.(8.15) 
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For circular columns of diameter (D) 



2000 


For columns with a general shape 


(8.16) 


where 


8 


30000 


(8.17) 


t' = column dimension in the direction considered (in mm). 

X, = slenderness ratio using the column radius of gyration i, given by Eq. 8.4b. 


8.5.2 Design Moments 

Assume a braced slender column subjected to two end moments Mi and M 2 and the 
M 2 is the larger of the two end moments. Figure (8.10) shows the distribution of 
moments assumed over the height of a typical braced column. M ( - is the initial 
moment at a section located near the mid-height and is calculated from: 

M t = 0AM, +0 .6M 2 >0.4 M 2 .(8.18) 

For columns subjected to double curvature, the sign of the moment is taken negative. 

The design moment for braced columns is taken as the largest value of: 

M 2 

M\ +M all(l 12 

M, +M, m ......(8.19) 


Note: 

The axial force in a column may be calculated based on the assumption that the beams 
and slabs transmitting force into it are simply supported. For the case of interior 
columns supporting approximately symmetrical arrangements of beams, the end 
moments (MO and (M 2 ) may be assumed equal to zero. This assumption does not 
apply to columns of flat slab construction for which moments transferred to columns 
are dealt with explicitly by the code. The initial moments in exterior columns may be 
estimated as given in Table (8.5). 
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End condition 
of column 


Initial moment 
from analysis 


Additional 

moment 



Fig. 8.10 Initial and additional moments in braced slender columns 







Table (8.5) Design Moments for Exterior Columns 


Position of moment 

Moments for frames of one 
bay 

Moments for frames of two 
bays or more 

Moments at foot of upper 
column 

K u -M f 

K t +K u +0.5 K„ 

K u -M f 

K, + K u + K b 

Moments at head of lower 
column 

K,M f 

K c +K u +0.5 K„ 

K r M f 

K'+K u + K h 


Where 

M f = bending moment at the end of the beam framing in the column, assuming fixity 
at both ends of the beam. 

K h - stiffness of the beam 

K t = stiffness of the lower column 

K u = stiffness of the upper column 



Photo 8.2: Shear walls and slender columns during construction. 
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8.6 Design Moments in Unbraced Slender Columns 

The Egyptian Code takes into account the increase in the applied moments in 
unbraced slender columns by adding to the original moment an additional moment. 
The additional moment is assumed to occur due to interaction of the applied load with 
the lateral deflection of the column. It should be mentioned that unbraced short 
columns are also subjected to additional moments due the relative displacements of 
the ends of the columns. 

8.6.1 Additional moment 

Unbraced columns are generally connected to floors that are rigid enough in their own 
plane to induce equal deflection (side-sway) to all columns under lateral loads. In such 
a case an average deflection may be applied to all columns. This deflection can be 
assessed from the following equation: 

S„ =2>/n .(8-20) 

where 

8 av = average deflection at ultimate limit state of the floor 
8 = deflection at ultimate limit state for each column calculated from Eqs. 8.12 

n = the number of the columns in the floor 

After the calculation of (8 av ), any values of the (8) more than twice (S av ) should 
be ignored and the average recalculated. In such a case, (n) in Eq. (8.20) should be 
reduced appropriately. 

M„„ d = P.S m .(8.21) 

8.6.2 Design moments 

Assume an unbraced slender column subjected to two end moments Mi and M 2 and 
the M 2 is the larger of the two end moments. The distribution of-moments assumed 
over the height of an unbraced column is shown in Fig. (8.11). The design moment for 
unbraced columns is taken as the largest value of: 

P e .(8.22) 

min \ / 

where 

M 2 is the larger initial end moment due to design ultimate loads. 

Fig. 8.12 summarizes the calculations of M at u in rectangular slender columns 
according ECP-203 
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End condition 
of column 


Initial moment 
from analysis 


Additional 

moment 


Design 

moment 



Stiffer end joint 



may be reduced in proportion to 
the ratio of the stiffness of the less 
stiff to the stiffer joint 


Fig. 8.11 Design moments in unbraced slender columns 
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X.< 10 
10 < X, < 25 

X. > 23 

(Table 8.4) 




Fig.8.12 Calculations of M , in rectangular slender columns according to ECP-203 

add 


1 Short if X, < 15 

; Long if 15 < X, < 30 

I Not accepted if X, > 30 

K-factor (Table 8.3) 
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Design of columns 



Example 8.1 

Figure EX-8.1 shows a structural plan of an eleven story residential building. The 
following data are given: 

Thickness of the flat plate at all floors = 220 mm, flooring=1.5 kN/m 2 , equivalent wall 
loads = 2 kN/m 2 and the live load = 3 kN/m 2 . The height of the ground floor is 5.0 m 
and that of the typical floor is 3.0 m. The weight of the core, the walls and the 
columns can be assumed equal to 20000 kN. The concrete cube strength 

f cu =35 N/mm 2 

It is required to check the bracing condition of the building in both directions. 

Solution 

The building is provided with a core and 2 shear walls to increase its capacity to resist 
the lateral loads. According to the ECP 203, the following equation is to be used to 
check whether the building is braced or unbraced. 


“= w *fe7 <a6 


H b The total height of the building above the foundation level 
N Total unfactored vertical loads acting on all vertical elements 
££/ Summation of flexural rigidity of all vertical walls in the direction under 
consideration 

Step 1: Calculation of N 

Weight of typical floor = Own weight + Flooring + Equivalent wall load + Live load 
= 0.22x25+1.50 + 2.0 + 3.0 
= 12 kN/m 2 

Total Weight of floor = Area xUnit weight 

= (26.00x34.00) x 12 
= 10608 kN/floor 

Total Weight of Building, N 

= No. of floorsx Weight of floor + weight of core, walls and columns 

=11x10608+20000 
=136688 kN 
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Step 2‘.Calculation of the moment of inertia of the core and the walls 

The core resists lateral loads in the X- and the Y-directions. The walls resist lateral 
loads in the Y-direction only. 


For the Core 

3 x 0.35 x 3.85 x 2.275 + 6.3 x 0.35 x 0.175 


y=- 


l, = 


3x0.35x3.85 + 6.3x0.35 
3x0.35x3.85 3 


1.53 m 


12 


+ 3 x 0.35 x 3.85 x (2.275 -1.53) 2 + 63x ® 35 - + 6.3 x 0.35 x (1.53 -0.175) 2 


I x = 11.30m 4 

/ = 3 x 0-35 3 x 3.85 + 0 3 5x 6 3 ^ + 2y Q 35x3 85 (^_0.175) 2 =31.19m 4 
3 ' 12 12 2 



For the Walls 


i 

0.35 

{ 

, 0.35 x4.2 3 3 

I - -= 2.16 m 

x 12 

- 

, 


I x = 2.16m 4 

E 

0 


1 

_X 

r 4.2x0.35’ 

I -- =zero 

3 12 

cv 


1 

Step 3: Calculation of Hb 

J 

: — - 



Height of the building above the foundation 


=10 x 3.0 + 5.0=35.0 m 






































Step 4: Check bracing condition in Y-direction (Calculation of a y ) 

The lateral bracing of the building in Y-direction is achieved by the core, I x = 11.3 m 4 
and the two shear walls. 

E = 4400//™ N/ram 2 

£ = 4400^35 = 2.6x10* NI mm 2 =2.6x10 1 kN/m 2 

E EI X = ££ ( I x(core) + 2 x I xiwati) ) = 2 -6 x 10 7 x (11.30 + 2 x 2.16) = 4.06 x 10 8 kN.m 2 



a ^35-Ox 


I 136688~ 
V 4.06 x10 s 


= 0.64 > 0.60 Unbraced Structure in Y-direction 

Step 5: Check bracing condition in X-direction (Calculation of a x ) 

The bracing of the building in X-direction is achieved by the core, I y = 31.19 m 2 . 
£ El y =E x /„„ = 2.6 x 10 7 X 31.19 = 8.1 x 10 s kN.m 1 



a 


y 


=35.0 x 


1 136688 
V 8.1x10 s 


— 0.45 < 0.60 Braced Structure in X-direction 
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Example 8.2 

Design the rectangular column shown in the figure below to support a factored load of 
1500 kN. For simplicity the column may be assumed hinged at the foundation level. 
The column is considered unbraced in x-direction and braced in y-direction. The 
material properties are f cu = 30 N /mm 2 and f y = 360 N /mm 2 . 
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Solution: 

Step No.l: Considering the moments developed in t-direction (M y ) 

The column is considered unbraced in X and Y directions as no lateral resisting system 
is provided. 

Clear height of the column, H 0 = 6.6- 0.6=6.0 m 

The top end of the column is connected monolithically to beams that are deeper than 
the dimension of the column (conditionl), while the bottom end of the column is given 
as hinged condition (condition 3). 

From Table (8-4), the effective length factor —+—» k= 1.60. 


The effective height, H e = k H 0 

H e = 1.60 x 6.0 = 9.60 m 

„ H, 9.60 


^In-plane 


t 


0.45 


- = 21.33 >10 and not more than 23 


The column is classified as slender column in the direction considered, and additional 
moment is developed. 

, Y 

. X 2 xt 21.33 2 x 0.45 

8 = -=- = 0A02m 


2000 


2000 




P u x8 =1500x0.102 = 153kN.m 

add 


^ total (in-plane) M u + M a 


O 

O 

X 


v M u =0 


'*add(y) 


X 


total (in-planc) 


= 0 + 153 = 153 kN.m 


.\M =153kN.m. 


t=450 


Step No. 2: Considering the moments developed in b-direction (M x ) 

Clear height of the column, H 0 = 2.80 m (the largest of the two heights) 

The top end of the column is connected monolithically to beams that are deeper than 
the dimension of the column (conditionl), while the bottom end of the column is given 
as hinged condition(condition 3). 

From Table (8-4), the effective length factor-*-* k = 0.90. 

The effective height, H e = k H 0 

H e =0.90 x 2.80 = 2.52 m 

H e 2.52 

Aiut of plane £ _ 0 30 ” ° ^ 

The column is classified as short column in the direction considered, and no additional 
moment is developed. 
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M-loufoutof plane) ^u^^add 
■ " Eot,(oulol plane) ^ 

M x -0 . * 

Step No.3: Design of the reinforcement: 

The column is subjected to uniaxial bending, calculate the following terms: 

P u 1500x1000 03? 

f w .b.t ~ 30x300x450 ~~ 


M y 153xl0 6 

f cu bt 2 ~ 30x300x450 2 


= 0.084 


4S0 —7x40 

Assume cover = 40 mm —*—> ^ =- s 0.82 —*—*Use ^=0.80(conservative) 

450 


Using the uniaxial interaction diagram (top & bottom steel) (Appendix B) 
From the diagram with f y — 360 N /mm 2 , X, = 0.80, a =1—*■—> p = 3.5 

p. = 3.5 x 30 x 10^ = 0.00875 < p max (0.05) (external column). 

A s = p b t = 0.00875 x 300 x 450 = 1181 mm 2 
A s =A ; =1181mm 2 

A s .,o,a, =A s +A 1 = 1181+1181 =2362 nun 2 
p min = 0.25 + 0.052 x 21.33 =1.359 % 

A s , mi „= 0.01359 x 300 x 450 = 1834.65 mm 2 < A s>tota , 

Choose 5 0 18 top & 5 O 18 bottom (A s>t01a |= 2544 mm 2 ) 



5 $18 
























Example 8.3 

Design the rectangular column shown in the figure below to support a factored 
eccentric load of 500 kN (own weight of column may be neglected). The column is 
connected to a footing that can resist moment. The material properties are / cu = 25 N 
/mm 2 and f y - 400 N /mm 2 . 


beam 250x700 


Semelle 
250x800, 


IT 

Elevation 



beam 

250x700 


O 

o 

«n 


beam 

250x700 


*Y 

Sec C-C 


Fig Ex.8.3 


Sec B-B 
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Solution: 

Step 1: Considering the in-plane direction of the column (M x ) 

Since the structure is not provided by lateral resisting system, it is considered 
unbraced. Clear height of the column, H 0 = 6.0 m 

The top end of the column is unrestrained against both lateral movement & rotation 
(cantilever column) (condition 4) while the bottom end of the column is connected to 
a footing that can resist moment (condition 1). From Table (8-4), the effective length 
factor, k = 2.20. 


The effective height, H e = k H 0 

H e = 2.20x6.0= 13.20 m 

X . ~ = = 22 >10andnot more than 23 

mptot t 0.60 

The column is classified as a slender column in the direction considered, and an 
additional moment is developed. 

5= ^x i= 22^060 = o.i4 5 


2000 


2000 


M„ u =p u x< 5 =500x0.145 = 72.5KN.m 


M, 


, =M„+ML 


total.(in-plane) iVA u 1 ATA add 

v M„ =500x0.50 = 250 KN.m 

••• M tolaUi „. planc , = 250+72.5 = 322.5KN.m 

.-.M =322.5 KN.m. 


250 Kn.m 

250 Kn.m 



250 Kn.m 

250 Kn.n 


u r\n.m 

A 


Original 

moment 


72.5 Kn.m 

Additional 

moment 


322.5 Kn.m 

Total 

moment 
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Step No.2: Considering the out of plane direction of the column(M y ) 

Clear height of the column, H 0 = 6-0.70 = 5.30 m 

The top end of the column is connected monolithically to beams that are deeper than 
the dimension of the column (conditionl), while the bottom end of the column is 
connected to a footing that can resist moment (condition 1). 

From Table (8-4), the effective length factor k = 1.20. 

The effective height, H e = k H 0 

He =1.20x5.30 = 6.36 m 



The column is classified as slender column in the direction considered, and additional 
moment is induced. 

2000 2000 


M »u =7 > „ x<5 =500x0.067 =33.5kN.m 

^ total, (out of plane) *~M U + M add 

M u*d,(outorpUne) = 0 + 33.5 = 33.5 kN .m 
M y - 33.5KN .m 
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Step No.3: Design of the reinforcement: 

The column is subjected to the following straining actions(compression force+ biaxial 
bending) 

P u = 500 kN 
M x = 322.5 kN.m 
M y = 33.5 kN.m 

Determine the load level Rb as follows: 

_ Sl _ = ^ooxiooo_ =OU i 

f cu .b.a 25x300x600 
Since R b <0.2—► p = 0.80 
Assume that the concrete cover = 40 mm 
a' = 600-40 = 560 mm 
b' — 300 — 40 = 260 mm 



Since M, la' = (322.5/560) >M y lb' = (33.5/260), the design moment will be taken about x. 
Using equation 7.57 in this text gives the uniaxial magnified moment. 

=M, + 

= 322.5 + 0.8x(—)x33.5 = 380.2 kN m 
260 

i T 

Mx’=380.2 

-X -► -f- 

Equation 7.57 ' 

My=33.5 

Biaxial Uniaxial 
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Ml - 380.2x10 6 =Q141 

f a b t 2 25x300x600 2 

600-2x40 =Q9 
600 

Using uniaxial interaction diagram (uniformly distributed steel) 
From the diagram with f y = 400 N /mm 2 , 'Q = 0.90 —>>—>p = 8 
|j. = 8 x 25 x 10" 4 =0.02 < jj. max (0.05) (external column). 

As, total = M- b t = 0.02 x 300 x 600 = 3600 mm 2 
p min = 0.25 + 0.052 x 22 =1.394 % < p.o.k. 

Choose 12 <D 20 (3770 mm 2 ) 


6 0 8/m 




40 20 

20 20 
20 20 

40 20 



Column Reinforcement 
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Example 8.4 

Fig. Ex-8.4 shows a plan and a sectional elevation of a workshop. It is required to find 
the straining actions acting on column Cl at the ground floor level knowing that it is 
subjected to an axial load of a factored value of 2700 kN and an initial moment in X-Z 
plane (M y )of a factored value of 400 kN.m. f cu -25 N/mm 2 and f y =360 N/mm 2 

Solution 

In order to find the design moments for column Cl, it is required to investigate the 
effects of the slenderness ratios of the column about its principal axes. Since the 
building contains no shear walls, it is classified according to the Egyptian Code as 
unbraced. Accordingly, all columns are unbraced columns. 

Step 1: Calculation of the ultimate deflection in the X-direction 

To calculate the average ultimate deflection in the X-direction, one has to calculate the 
deflection 8 for each column. The following table summarizes the calculations: 


Column 

Top 

Bot. 

k 

H 0 

(m) 

He 

(m) 

b ort 
(m) 

X 

m 

KbH 

Cl 

1 

2 

1.3 

8.0 

10.4 

0.65 

16.00 

0.083 

C2 

1 

2 

1.3 

8.0 

10.4 

0.60 

17.33 

0.090 

C3 

1 

2 

1.3 

4.0 

5.2 

0.5 

10.40 

0.027 

C4 

1 

2 

1.3 

4.0 

5.2 

0.5 

10.40 

0.027 


Note: Since the floor beam is thicker than the column dimension under consideration, 
the top condition is considered case 1. Since the semelle is shallower than the column 
dimension under consideration, the bottom condition is considered case 2. From Table 
8.4 in this text, it can be determined that k=1.3. 


Where 

8 ci = deflection at ultimate limit state for Q in the X-direction 


_ V-6 
2000 



= kH a 

k = 1.3 {From Table 8.4 of this text with end condition (2) at bottom and (1) at top} 
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250x900 i 250x900 




, where n= the number of columns 


6 ... = 


£ e ,+2x£ e ,+2x<? /;3 +4x<? ta 
9 

0.083 + 2 x 0.090 + 2 x 0.027 + 4 x 0.027 


= 0.0472 m 


Note that none of individual 8 is larger than 2 S aV x(0.0944) 


Step 2: Calculation of the ultimate deflections in the Y-direction 

To calculate the average ultimate deflection in the Y-direction, one has to calculate the 
deflection 5 for each column; the following table summarizes the calculations. 


Column 

Top 

Bot. 

k 

Ho 

(m) 

H e 

(m) 

b ort 
(m) 

X 

5y 

(m) 

Cl 

1 

2 

1.3 

8.0 

10.4 

0.65 

16 

0.083 

C2 

1 

1 

1.2 

4.0 

4.8 

0.3 

16 

0.038 

C3 

1 

2 

1.3 

8.0 

10.4 

0.5 

20.8 

0.108 

C4 

1 

1 

1.2 

4.0 

4.8 

0.3 

16 

0.038 



where n = 


the number of columns 


S cl +2 xS c2 +2 xS c3 +4 xS c4 
„ 0.083 + 2x0.038 + 2x0.108 + 4x0.038 


= 0.0589 m 


Note that all the values of 8 are less than 2 8 aV y 

. Step 3: Calculation of the additional moments 

Additional Moments in the X-Z plane (M y ) = P 5 avx 

= 2700 x 0.0472 
= 127.44 kN.m 

Additional Moments in the Y-Z plane (M X ) = P 8 avy 

= 2700 x 0.0589 
= 159.03 kN.m 
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Y 

I 

I My=527,7 

4x 



Equation 7.58 


Y 

j My'=650.5 



M 'y 
r j, ,2 


650.5xl0 6 


= 0.095 


f cu bt 2 25x650x650 2 

650 - 2 x 40 = 0 g77 
650 

Using the uniaxial interaction diagram (uniformly distributed steel) f y = 360 N /mm 2 

C = 0.90 p = 4.8 
C, = 0.80 p = 5.8 
Using interpolation —»-+ p = 5.03 

P = 5.03 x 25 x 10 -4 = 0.0126 < p max (0.04) (internal column). 

As,total = pb t = 0.0126 x 650 x 650 = 5313 mm 2 

p min = 0.25 + 0.052 x 16 =1.082 % < p.o.k. 

Choose 20 <I> 20 (6283 mm 2 ) 

Or 16 <5 22 (6082 mm 2 ) 


6010/m 




6010/m 



Alternative (1) 
for column reinforcement 



Alternative (2) 
for column reinforcement 







Example 8.5 


The frame shown in Fig. Ex-8.5 is a part of the structural system of a braced structure. 
It is required to find the bending moments in the exterior columns. The unfactored 
dead and live loads of the exterior beam for all floors may be assumed equal to 32.0 
and 12.5 kN/m, respectively. The columns may be assumed fixed to the foundations. 

Solution 

Table 8.5 gives the values of bending moments in the exterior column. 

For the case of frames with two bays or more, the values of bending moments in the 
exterior column are as follows: 

Bending Moment in the lower of upper column is equal to 
~ K, +K u +K b xMf 

and Bending Moment in the upper of lower column 


K t +K u + K b 


is the fixed end moment of the beam 

is the flexural stiffness of upper column with two fixed ends, K u = - 


is the flexural stiffness of lower column with two fixed ends, K t 


is the flexural stiffness of beam, K, = - 


the height of upper and lower column respectively 
the length of beam 


the moment of inertia for upper column, lower column and beam 
respectively. 


- All exterior columns are 300x400mm 
at all floors 

- All interior columns are 400x400mm 
at all floors 

- All girders are 250x700mm 


Fig. Ex-8.5 Elevation of an industrial building 
















































M / =wJi, /12 

w u =1.4xw Ci +1.6 xw^£ 

w u =1.4x32.0 + 1.6x12.50=64.8 kN/m' 

The beam is assumed fixed from both sides, thus 
M f =w„ x£ 2 /12 = 64.80x6.5 2 /12 = 228.2 kN .m 


Wu-64.8 kN/m 



Mj=228.2 



For Column AB 


Bending moment diagram 


4 £/..„. 

fX" _ (-4S) 

"(AB) 


K iAB) = 4£x—(0.30)x(0.40) 3 /4.50 
= 1.42£xl0~ 3 kN.m 

For Column CD, EF and GH 


y . ^EI ( cd) 

/rr\ — _ 


K iCD ) = 4£x—(0.30) x(0.40) 3 /3.30 


= 1.94£xlO“ 3 kN.m 


For the Girders 


K b =4Ex— (0.25) x(0.70) 3 /6.50 = 4.4£xl0" 3 kN.m 


Bending Moment at joint B and C 


M ab =-^- M, 

AB ts , IS ,IS f 

1X {AB) ' r iY (CD) ^ lX b 


M ab =---x 228.2 = 41.76 kN .m 


1.42£ x 10 


1.42£ xlO" 3 + 1.94£ xlO" 3 + 4.4£ xl0~ 


K( A B1 + ^(CD) + K b 


1 94£ xl0~ 3 

M cd =- 5 — : -;-r x 228.2 = 57.05 kN .m 

1.42£ xlO’ 3 + 1.94£ xlO' 3 +4.4£ xlO" 3 


M, =- — - M 

‘ ‘ Imm „ „ ,y- 

‘'■(AB) + (CD) + ‘'b 


4 4£ xlO -3 

M ham = - 5 - : ----x228.2 = 129.41A7V .rn 

1.42£ xlO -3 +1.94£ xl0' 3 +4.4£ xl0‘ 3 


Bending Moment at joint D, E, F, and G 


K(CD) + ^(EF) + K h 


_ 1.94£ x 10 _ 

1,94£ x 10 -3 +1,94£ x 10~ 3 + 4.4£ x 10“ 3 


x 228.2 


= 53.46 kN.m 


Bending Moment at joint H 


K(gh) + 0-0 + K b f 

_ 1.94£ x!0~ 3 

1.94£ x 1 O' 3 + 0.00 + 4.4£ xlO" 


-x228.2 = 69.8 kN.m 






Example 8.6 


Figure Ex-8.6 shows a part of an industrial building that is braced in the two 
orthogonal directions. The cross-sectional dimensions of the columns are 300 x 300 
mm. Also shown in this figure is the bending moment diagram acting on columns AB 
& BC in the X-Z plane. The bending moments acting on these columns in Y-Z plane 
(out-of plane) can be neglected. Columns AB and BC are also subjected to axial 
forces of values of 700.0 kN and 450.0 kN, respectively. It is required to find the 
straining actions acting on columns AB & BC. 

Solution 

Step 1: Analysis of Columns in the X-Z Plane (in-plane) 

Step 1.1: Check slenderness limits of the columns 

a) Column AB 

Clear height of the column, H 0 = 6.40 m 

The top end of the column is connected monolithically to beams that are at least as 
deep as the overall dimension of, the column in the plane considered {Condition 1). 
The bottom end of the column is connected to a semelle that is deeper than the column 
{Condition 1). From Table 8.3, the effective length factor, k = 0.75 

The effective height, H e = kH 0 
H e =0.75x6.40 = 4.80 m 

Z b =—^- =^^=16 >15 and not more than 30 
Hence, column AB is classified as a slender column in the X-Z plane 

b) Column BC 

Clear height of the column, H<, = 7.80 m 

The top and bottom ends of the column are connected monolithically to beams that are 
at least as deep as the overall dimension of the column in the plane considered 
{Condition 1) for top and bottom. From Table 8.3, the effective length factor, k = 0.75. 

The effective height, H e = kH 0 

H e =0.75x7.80 = 5.85 m 

A b = = ■— - =19.5 >15 and not more than 30 

b b 0.30 

Hence, column BC is classified as a slender column in the X-Z plane 


Semelles \/ 
250x700mm 


I Moments in columns 
AB and BC (kN.m) 


Fig. Ex-8.6 Elevation of an Industrial Building 











Step 1.2: Compute the Additional Moment in the X-Z plane(in-plane) 

The additional moment, M add = P.8 

a) Column AB 

1 2 , 

8 =— —t =-x0.30 = 0.0384m 

2000 2000 

M add = PS = 700 x 0-0384 = 26.88 kN.m 

b) Column BC 

19 5 2 

8 = ^-x 0.30 = 0.057 m 
2000 

M add ~ P-& = 450x0.057= 25.65kN.m 

Step 1.3: Compute the Design Moment in the X-Z Plane (in-plane) 

The design moment, M dcs is the larger of the following values: 

1 )M 2 2) M i+ M aM 

3) M x +(M mld /2) 4) P.e mm 

where 

M. = 0.4M, +0.6 M 2 > 0.4 M 2 

a) Column AB 

A/, = -60 kN.m 

M 2 = 153 kN.m (double curvature) 

M t = -0.4 x 60 + 0.6 x 153 = 67.8 kN.m > 0.4 M z 

The design moment is the larger of the following values 

1) 153 kN.m 2) 67.8+26.88 = 94.68 kN.m 

3) 60+(26.88/2) = 73.44 kN.m 4) 700x(0.05x0.3) = 10.5 kN.m 

Accordingly the design bending moment, M dcs for column AB =153.0 kN.m 



b) Column BC 

M [ =83 kN.m 

M 2 =111 kN.m (single curvature) 

Mi = 0.4x 83 + 0.6x 111= 99.8 kN.m > 0.4M 2 

The design moment is the larger of the following values 

1)111 kN.m 2) 99.8+25.65 = 125.45 kN.m 

3) 83+(25.65/2) = 95.83 kN.m 4) 450x(0.05x0.3) = 6.75 kN.m 

Accordingly the design bending moment, M des for column BC = 125.45 kN.m 
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Step 2: Analysis of Columns in the Y-Z Plane (out-of-plane) 

Step 2.1: Check slenderness limits of the columns 

a) Column AB 

Clear height, H 0 = 6.40 m 

The top end of the column is connected monolithically to beams that are at least as 
deep as the overall dimension of the column in the plane considered (Condition 1). 
The bottom end of the column is connected to a semelle that is deeper than the column 
{Condition 1). From Table 8.3, the effective length factor, k = 0.75 

The effective height, H e = kH 0 

H e =0.75x6.40 = 4.80 m 

/L = = - — - =16 >15 and not more than 30 

b b 0.30 

Hence, column AB is classified as a slender column in the Y-Z plane 
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b) Column BC 

Clear height, H c = 4.0 m 

The top and bottom ends of the column are connected monolithically to beams that are 
at least as deep as the overall dimension of the column in the plane considered 
('Condition 1) for top and bottom. From Table 8.3, the effective length factor, k = 0.75 
The effective height, H e = kH 0 

H e =0.75x4.00 = 3.00m 

The ratio A. = =10 .o< 15 

b 0.30 

Hence, column BC is classified as a short column in the Y-Z plane. 


Step 2.2: Compute the additional moment in the Y-Z plane 

The additional moment, M add = P.8 


Column AB 


. v 

8 = ——t 
2000 


i^2 

S = ——x 0.30 = 0.0384m 
2000 

M aid = P.8 =700x0.0384 = 26.88 kN.m 


Step 2.3: Compute the Design Moment in the Y-Z Plane 

Since the initial bending moments in the Y-Z plane were neglected, the design 
moments in that plane can be considered as the larger of the following two values: 

1) 2) P.e mm 


a) Column AB 
1)26.88 kN.m 


2) 700x(0.05x0.3) = 10.5.kN.m 


Accordingly the design bending moment in the Y-Z plane for column AB = 26.88 
kN.m 

r 


b) Column BC 

Since the column is classified as a short column the design bending moment in Y-Z 
plane is equal to zero. 


Summary 

The following table gives the design straining actions for columns AB & BC. 


Column 

Axial Force 

M d(:s (X-Z) plane 

M des (Y-Z) plane 

(kN) 

(kN.m)(M v ) 

(kN.m) (M*) 

AB 

700 

153.0 

26.88 

BC 

450 

125.45 

0.00 


Step 3: Design of the reinforcement: 
a) Column AB: 

The column is subjected to biaxial bending; determine the load level R b as follows: 

R b = ~r-~7 — = ———————= 0494 

f cu .b.a 40x300x300 

From Table (7.2), get (3 = 0.8 

Assume concrete cover = 30 mm, 

a' = 300 — 30 = 270 mm 

b' = 300 - 30 = 270 mm 

Since M y la' = (153/270) > M, lb'= (26.9 / 270), the design moment will be taken about y. 
Using 7.58 in this text (chapter 7) 

270 

= 153 + 0.8 x (—) x 26.9 = 174.5 KN.m 
270 


M' y _ 174-5 xlO 6 

f cu b t 2 ~ 40x 300x 300 2 


= 0.162 


300-2x30 

300 

Using uniaxial interaction (uniformly distributed steel) f v = 360 N /mm 2 , C = 0.80 
Therefore p = 12.2 

p = 12.2 x 40 x 10 4 = 0.0488 < p max (0,05) (external column). 

As, total = p b t = 0.0488 x 300 x 300 = 4392 mm 2 

P mm = 0-25 + 0.052 x 16 —1.082 % < p.o.k. 

Choose 12 O 22 ( 4562 mm 2 ) 
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Column AB 


Note: Since the reinforcement ratio is high (4.8%), therefore it is advisable to increase 
column dimensions to decrease reinforcement (calculations not shown). 

b) Column BC: 

The column is subjected to uniaxial bending; determine the following terms: 

_JL_,-«o_«iopo -o . 125 

f cu -b.a 40x300x300 

M u _ 125.45 xlQ 6 
f cll b t 1 40x300x300 2 

Using uniaxial interaction (uniformly distributed steel) f y = 360 N /mm 2 , 'C, = 0.80 
Therefore p = 7.5 

pi = 7.5 x 40 x 10~ 4 — 0.03 < p max (0.05) (external column). 

As, total = n b t = 0.03 x 300 x 300 = 2700 mm 2 ->—Choose 12 O 18 ( 3054 mm 2 ) 
p min = 0.25 + 0.052 x 19.5 =1.264 % < p.o.k. 
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REINFORCED CONCRETE FRAMES 



Photo 9.1 Reinforced concrete frames at Dullas airport, USA 


9.1 Introduction 

This chapter covers the topic of reinforced concrete frames that are used as supporting 
elements for halls. The object of a hall is to cover a limited area that has to be utilized 
for a certain purpose such as meetings, sports, storage, exhibitions and industry. 
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9.2 Definition of the Frame 


A frame is a structure in which the rigid connections between the girders and the 
supporting columns are utilized so that the internal forces due to the loads are resisted 
by the combined action of the girder and the columns i.e. the bending moment is 
distributed among the girder and the columns (Fig. 9.1). In a simple girder, vertical 
loads are resulted in vertical reactions (Fig. 9.1b), while in a frame; vertical loads give 
vertical and horizontal reactions (Fig. 9.1a). 


^lg. 9.1 Frames versus simple girders 



a) Frame t T b) Simple Girder 


The magnitude of the bending moments resisted by the columns depends on the 
relative stiffness K r of the girder with respect to the columns. The bigger the value of 
K r , the smaller is the moment resisted by the columns. 

K =—.—.(9.1) 

L I c 

where 

H = height of the column. 

L = span of the girder. 

I b = gross moment of inertia of the beam. 

l c = gross inertia moment of of the column. 

in order to achieve a good distribution for the bending moments in frame members, it 
is recommended to choose the concrete dimensions of the frame members as shown in 
Fig. (9.2) 
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9.3 The Choice of the Type of the Frame 

The choice of the form of a frame is generally governed by the external and internal 
architectural considerations as well as the purpose at which it is used. The statical 
system depends on the conditions at the supports. 

Two hinged frames are generally used on medium soils as they are not sensitive to 
displacements of the supports. Figure (9.3) shows several types of two-hinged frames 
that are extensively used in industrial buildings and workshops. Figure (9.4) shows a 
two-hinged frame that supports stands. 



Fig. 9.3 Examples of two hinged frames 



Fig. 9.4 A two hinged frame supporting stands 
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Statically determined three-hinged frames (Fig. (9.5)) are used on weak soils that may 
be subjected to small horizontal or vertical movements of the bearing hinges. 



Fig. 9.5 Examples of three-hinged frames 


On good firm soils, fixed frames may be used. In this system, the internal stresses due 
to temperature changes and shrinkage are relatively high and must be considered. 

A two-hinged frame with a tie is shown in Fig. (9.6a). Adding a tie to the frame 
reduces the bending moment in the girder. In order to prevent the sagging of the tie, 
hangers might be provided at convenient distances. The frame is twice statically 
indeterminate and hence, the bending moments developed at different sections are less 
than the case of the two-hinged frame without a tie. The rigid tie at the top of the 
columns gives a better distribution of the internal forces in the columns and the girder 
although this does not necessarily more economic solution because of the complicated 
formwork and the big amount of steel in the tie and the hangers. It gives however a 
smaller horizontal thrust on the foundations. A frame without a tie is simpler and 
architecturally more acceptable than a frame with a tie and hangers. If the foundations 
of a frame cannot resist its horizontal thrust, a tie may be arranged at the bottom 
hinges to resist the thrust as shown in Fig. (9.6b). In this case, the frame is once 
statically indeterminate. For elastic ties at foundation level, the horizontal force 
developed at the foundation level is smaller than that of two hinged frames without 
ties or with rigid ties. The result is that the comer moment is smaller and the field 
moment is bigger. 



(a) (b) 

Fig. 9.6 Examples of two-hinged frames with a tie 









Continuous frames can be used to cover areas in which the dimensions are too long to 
be spanned by single-bay frames (see Fig. (9.7)). Continuous frames are generally 
high grade statically indeterminate. If the frame is symmetrical in shape and loading, 
as generally the case in roof structures, the horizontal reaction at the intermediate 
column will be almost zero. In such a case, the frame may be constructed with a 
slender intermediate column, which can be assumed as a pendulum. The system in this 
form is only twice statically indeterminate. 



Fig. 9.7 Continuous frames 
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Fig. 9.7 Continuous Frames (Continued) 

9.4 Layout of a Hall Supported by R/C Frames 

In big covered halls, reinforced concrete frames are usually used as the main 
supporting element. In order to get relatively reasonable dimensions of the frames, the 
spacing between frames should be in the range of 5.0 ms to 7.0 ms. 

Figure (9.8) shows the layout of the supporting elements of a hall that is 18.0 ms wide, 
20.0 ms long and 5.0 ms clear height. 

The main supporting element can be chosen as a rectangular frame. The frame are 
chosen to span in the short direction (18.0 ms) arranged every 5.0 ms. 

Continuous secondary beams supported on the frames are used in the roof of the hall 
in order to get reasonable slab thickness. 

In order to get reasonable wall area (15-25 m 2 ), wall beams are usually provided at the 
sides of the halls. 

In case of a weak soil, semelles are provided at the foundation level in order to 
connect the footings together to reduce the effect of differential settlement. Otherwise, 
they could be provided at the bottom end of the frame leg to support the wall above. 

It should be mentioned that frames are rigid in their own plane and are very flexible in 
the out-of-plane direction. Hence, it is essential to provide beams that connect the 
frames perpendicular to their plane. In many cases, these beams are already existent 
through the provision of wall and roof beams. 














4x5.0=20.00 



R/C footing 
P/C footing 


9.5 Reinforcement Detailing of Rigid Frames 

The art of detailing of reinforcement in rigid frames should follow the general rules of 
mechanics of reinforced concrete as a composite material. It should also be simple and 
practical. Figure 9.9 shows some typical details. Other reinforcement details could 
also be accepted. 

1- Detail-1 shows a frame joint that does not resist moment (a joint between a link 
member and a frame girder) 

2- Detail-2 shows a frame joint that does resist moment. The column is a link member 
and the frame girder has a cantilever part. 

3- Detail-3 shows a frame joint designed to resist the moments that developed due to 
the rigid connection between the girder and the column. The moments applied to the 
joint produces what is so called “closing joint”. The hogging moments of the girder 
are resisted by the tension column reinforcements. It should be noted that the tensile 
forces in the reinforcements results in a force F = T 4l , that produces splitting tensile 
stresses. Diagonal reinforcement (A s =T l( f y /y s )) might be provided to participate in 
resisting the splitting tensile stresses. 

4- Detail-4 shows a frame designed to resist the moments that developed due to the 
rigid connection between the girder and the column. The moments applied to the joint 
produces what is so called “opening joint”. It can be seen that the reinforcement of the 
column has not been used to reinforce girder. If the tension reinforcement is 
continuous over the sharp comer, failure of the cover will take place due to the action 
of the resultant force F. 

5- Detail-5, Detail-6 and Detail-7 show reinforcement detailing of rigid connections in 
frames in which the girders have cantilever parts. 

6- Detail-8 shows the detailing of a double cantilever from the frame leg. 

7- Detail-9 shows a broken part of a girder of a frame creating an “opening joint”. The 
bottom reinforcement of the frame girder has to be discontinued at the broken part in 
order to prevent cover saplling. 

8- Detail-10 shows a broken part of a girder of a frame creating a “closing joint”. The 
bottom reinforcement has not been discontinued at the broken part since the resultant 
of the tension force is inward and has not affect the cover. 

Figure 9.10 shows a typical reinforcement detailing of a frame. 
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Link 

member 


Fig. 9.9 Detailing of Frame Joints (Detail-1) 



Fig. 9.9 Detailing of Frame Joints (Detail-2) 


Diagonal Rft. 




































Fig. 9.9 Detailing of Frame Joints (Detail-6) 


Fig. 9.9 Detailing of Frame Joints (Detail-8) 




























































9.6 Hinged Bearings 


The most commonly used type in concrete structures is the lead plate hinge. The 
design of this type is explained as follows. 

In this type of hinges, the normal component of the hinge is transmitted to the 
foundation by bearing through 20 mm thick lead plate arranged at the middle of the 
column foot. The horizontal component H is resisted by shear resistance of the 
connecting bars A s that are protected from rusting by 20 mm thick bituminous 
material as shown in Fig. 9.11. 



Fig. 9.11 Details of Lead hinge 


In order to have acceptable hinge action, the length of the lead plate t' must be smaller 
than or equal to one third of the depth of the column at the position of the hinge 
measured in the direction of the required rotation. 

The lead hinge can accordingly be calculated in the following manner: 

. (92) 
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N f 

77 </(, = 0-67 — 
bt y c 



The area of the steel dowels A s is given by 


A 


H 

0-8 (/v/n) 


(9.3) 


The normal compressive stresses are transferred from the breadth of the column t to 
the breadth of the lead plate i in a height h approximately equal to the breadth t of the 
column. Therefore, a splitting tensile force is developed along this length. The 
transverse splitting force F sp is approximately equal to one forth of the vertical force 

NIA 

(N/4). This force must be resisted by horizontal stirrups of area A sl =—-— arranged 

/,M 

at the end of the column in a height h=t. Fig. 9.12 shows the graphical representation 
of finite element model of the hinged base. Far from the lead plate the stress 
distribution can be considered uniform. Stress concentration can be easily noticed at 
the connection between the frame leg and the lead plate 



Fig. 9.12 Finite element model for the hinged base 
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Example 9.1 

It is required to design the frame shown in the Figure below and Fig. EX9.1. The 
ultimate load including dead and live loads is 100 kN/m'. The horizontal reaction at 
the base equals = 293.7 kN./ cu = 25 N/mm 2 and f y =360 N/mm 2 . 

Frame spacing =5.0 m 
Slab thickness t s = 120 mm 

The frame may be considered unbraced in its plane and braced in the out of plane 
direction. 


w u =100 kN/m' 



Fig. EX 9.1 



Section A-A 
Fig. Ex.-9.1 
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Step 2: Calculations of Normal, Shear, and Bending Moment 

The calculation of shear and normal force for the sloped elements can be obtained 
using the following formula 

0 = tan"' f—1 = 22.6° 


N = Hf x cos(tf) +V l x sin(<9) (normal force) 

Q =V, xcos (0)-H, xsin(6») (shear force) 

Positive direction is given in the figure below 




K,=K n =1025 kN 


v i= Y a~w xl' = 1025-100x6.5 = 375 kN 


H t =H 2 =H a =293.7 kN 



The normal, shear and bending moment are shown in the following figures. 
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410.2 


2113.3 


bending moment diagram 


Step 3: Flexural design of critical section 

Because of frame symmetry, only five sections need to be designed as shown. 



critical sections locations 


Step 3.1: Design of Section 1 (400x1400) 

span _ 19.5 


Assume t„ =- 


12 —> 16 12 —> 16 


= 1.21—»1.625m 


Take r g =1.4 m=1400 mm 

Section 1 is subjected to the following straining actions: 
M u = 2113.3 kN.m 
P u =293.7 kN (compression) 

It acts as a T-section and the width B is taken as: 


B smaller of - 


16 t s +b 
0.7 xL 


+ b = 


CL —> CL 


16x120 + 400 = 2320 mm 
0.7x19500 


5 

5000 mm 


- + 400 = 3130 mm 


B= 2320 mm 

Assuming that the distance from the c.g of the steel to the concrete surface is 80 mm, 
the effective depth equals 

d = t-%0mm = 1400-80 = 1320 mm 

If P u /f cu b t is less than 0.04, the normal force can be neglected 
P„ 293.7x1000 


f cu xbxt 25x400x1400 


= 0.021 < 0.04.neglect normal force 


The design will be carried out as if the section is subjected to moment only. 
Assuming that the neutral axis is within the flange and using C-J curve gives 
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1320 = 0, 


2113.3xl0 6 

25x2320 


■ Cl=6.91 


The point is outside the curve(Cl>4.8), thus use c/d) m i„=0.125 
u = 0.8xc min =0.1xd =0.10x1320 = 132 mm 

Since a(132 mm)>t s (120 mm), our assumption is not valid, because the neutral axis is 
outside the flange. According to clause 4.2.1.2.f of the ECP 203, one can neglect the 
compression force in the web and assume that a=t s . Accordingly, A s equals 

A Mjl 2113.3x10* 5 , ; 2 

1 f y /\.l5x(d-t s /2) 360/1.15x(1320-120/2) 


4 smi „ = smaller of 


° - 25 ^™ b d = - 225 —x 400x 1320 = 1650 mm 2 J <A ok 
f, 360 

1.3,4, =1.3x5357 = 6965 mm 2 


Use 12<t>25 (5890 mm 2 ) & use 4018 (about 17% of A s ) as stirrups hangers 

Step 3.2: Design of Section 2 (400x1400) 

Section 2 is a rectangular section with the following straining actions: 

M u = 2055.6 kN.m 

P u = 665.3 kN (compression) 

If P„/f cu b t is less than 0.04, the normal force can be neglected 


P„ 665.3x1000 

f cu xbx.t 25 x 400 x 1400 


= 0.047 > 0.04'.normal force cannot be neglected 


Section 2 is located in the girder of the frame. Hence, it is recommended to limit the 
amount of the compression steel (if needed) to 40% that of the tension steel. Mus 
approach for the design of this type of sections can be utilized 1 if tension failure 
occurs. Assuming that tension failure occurs (P„<P U b). 

M a = M u + P„ (- - cover) = 2055.6 + 665.3 x f - 80 1 x -I_ = 2 468 kN.m 

2 { 2 ) 1000 


1 Alternatively, e, =e +-—cover = +—-0.05 = 3.71m 

2 665.3 2 

M „ = P xe. = 665.3x3.71 = 2468 kN .m 
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M^ = -^ 4 6 8 £ 10l 6 

fn.bd 1 25 x 400 x 1320 2 

d'/d = 80/1320 = 0.06 

Since no curves are available for d'/d=0.06, one can use design curves or tables with 
d'/d = 0.1 (conservative). From the curve, it is clear that the ultimate capacity of the 
section for a=0 is exceeded, thus a=0.2 is used. 

From the curve, to = 0.185 


f 25 

A ; = a <u+f-bxd =0.2x0.185* -x400x 1320 = 1357 mm 2 

J / -v s' r\ 


R,=0.1416 



co=0.185 


Check failure condition 


690 + f 690 + 360 


1320 = 867.42 mm 


Applying the equilibrium equation 

0.67 x f cu b (0.8 cj , A; xf f A s xf y 
1.5 1.15 1.15 


„ _ 0.67x25x400 (0.8x867.42) 1357x360 4658x360 


P uh = 2066255 N = 2066.2 kN > P. 


(tension failure as assumed) 


For practical considerations, the reinforcement for section 2 should be equal to that of 
section 3. Thus 

Use 12<D25 (5890 mm 2 ) Top 

Use 4025 (1963 mm 2 ) Bottom 
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Step 3.3: Design of Section 3 (-400x1200) 

r, -O.St g = 0.8 x 1.4 = 1.2 m 

t 2 — 0.67 1 , = 0.67 x 1.2 = 0.80 m 

The column is subjected to the following forces 

M u = 2055.6 kN.m 
P u =1025 kN (compression) 

The frame column has a variable cross section, for buckling calculations; an average 
column width at 2/3A is used. 



Buckling analysis in the out-of-plane direction 

From Fig EX9.1, H 0 = 3.25 m (from the foundation level to the wall beam) 

Since this direction is braced, the effective length factor k can be obtained from Table 
8.3 with case 1 at top and case 1 at bottom (the semelle is larger than the column 
dimension). Thus, k=0.75. 

H e = fcx/f o =0.75x3.25 = 2.44 m 
H 2.44 

X = -g- = -4-— = 6.1 < 15 (case of braced columns) 

Thus, no additional moments are induced in the out-of-plane direction 


Buckling analysis in the in-plane direction 

• The frame column is unbraced and the height of the column is measured 
from the bottom of the frame girder to the base (H 0 ) and is equal to 

H a = h = 7.0 m 

• The effective length factor k can be obtained from Table 8.4. The top part of 
the column is considered case land the bottom part is considered case 3 
(isolated footing with no semelle). Thus k=1.6 and the effective length H e 
equals 

H e =kxH 0 =1.6x7.0 = 11.2 m 

The slenderness ratio X is calculated using the average column thickness not the actual 
section width, thus X equals 

1.067 

Since X is greater than 10, the column is considered long and additional moment 
calculation is required. 


S = 

2000 


10.50 2 x 1.067 


= 0.0588 m 


e min = 0.05x t atg = 0.05x 1.067 = 0.053 m <5 

Thus the lateral deflection due to buckling is larger than the code minimum 
eccentricity. The column is subjected to an axial force of P u =1025 kN and the 
additional moment equals 

M au = P„ x 5 = 1025 x 0.0588 = 60.25 kN.m 

M lo , =M U + M mU = 2055.6 + 60.25 = 2115.85 kN.m 


2115.85 




Original moment (M u ) 


Additional moment (M ad d) Total moment (M w: ) 
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It is recommended to use compression steel in frame column not less than 40% of the 
tension steel to allow for moment reversal initiated by lateral loads such as wind or 
earthquake. Columns in frames is preferred to be designed using the interaction 
diagram with compression steel ratio (a=0.4—0.80) depend on the magnitude of the 
moment. It should be noted that the actual member thickness of 1200 mm is used in 
the design. 

JM5*1000_ 
f m xbxt 25x400x1200 

M u _ 2115.85x10- 
feu xbxt 1 25x400xl200 2 


The factor C, equals 

t-2xcover 1200-2x80 - 

S = -=-= 0.867 

t 1200 

Using interaction diagram with f y =360 N/mm 2 , a=0.4 
At £=0.8 p=5.1 

At £=0.9 p=4.6 

Using interpolation for i^=0.867 gives p=4.8 
j“ = P x / a , xl O' 4 = 4.8 x 25 xlO* 4 =0.012 

A s = /^xbxf = 0.012x400x 1200 = 5760 mm 1 (12025, 5890mm 2 ) 

A' s = a ■ A s = 0.4 x 5760 = 2304 mm 2 (6022, 2280 mm 2 ) 

A smuI =A' s +A s = 5760 + 2304 = 8064 mm 2 

Since the column is long the minimum reinforcement ratio is 

M min = 0.25 + 0.052 A = 0.52 + 0.052x 10.5 = 0.8% 

C = 0.008x b x/ = 0.008 x400x 1200 = 3840 mm 2 < A SJ0 , . .o.k 

Step 3.4: Design of Section 4 (400x800) 

This section is subjected to pure compression (P u = 1025kN). From the detailing of the 
frame the section will be reinforced with 6025 and 6<I>22 

A sc =6x491 + 6x380 = 5226 mm 2 

4mm = x b x t = ^ x 400 x 800 = 1920 mm 2 <A SC .o.k 


P u = 0.35 x f m xA c + 0.67 x f y x A sc 


p u = (0.35 x 25 x (400x800)+ 0.67x360x5226) = 4060 /t/V>(1025). .o.k 


A s =6025 A’ s =6022 


• 

• 

• 

• 

* 

■ ^ 

• • 

• 

• 

• 

• 


o 

o 

— 

4012 




800 mm 


Step 3.5: Design of Section 5 (400x1400) 

Section 5 is subjected to the following straining actions 
M„= 1410.2 kN.m 

P u =415.3 kN (compression) 


P u 

feu xb x t 


415.3x1000 

25x400x1400 


= 0.0296 <0.04 


From section 1—>—>B= 2320 mm 


1320 =C1 


I 


1410,2x10 

25x2320 


6 


.neglect normal force 


Cl= 8.46 

The point is outside the curve, thus c/d) min =0.125 
.a = 0.8xc min = 0.1 x d = 0.10x 1320 = 132 mm 

Since a(132 mm)>t s (120 mm), our assumption is not valid, because the neutral axis is 
outside the flange. 


A M - 1410.2xl0 6 

s f y /1.15x(d -t s 12) 360/1.15x(1320-120/2) 

Use 8<I>25 (3927mm 2 ) & use 4018 as stirrups hangers 
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Step 4: Design for Shear 

Ideally, the critical section for shear should be taken at distance of d/2 from the 

column leg. However for simplicity the value of the maximum shear from the she.r 
force diagram is used. r 

Q u =833.2 kN 

„ g„ 833.2x1000 

q -~r loSS- 158 NW 

The applied shear q u should be less than the maximum shear stress q 

'-lu.max 

9„,max = = 0.70^j~ = 2.85 N / mm 2 ...>q u (l.5S)...o.k 

The presence of the compression force increases the concrete shear capacity of the 
section by the factor S c , where 

8 =l+nn7v 665.3x1000 

o c -l + u.O/x—- = l + 0.07x-= 1.083 <15 nk 

A c 400x1400 . o.K 

q cu =S c x0.24 fe*- = 1.083 x0.24 /If =1.0 6 N/mm 2 
V • c V 1.5 

Since q u > q cu , the frame has to be provided with special reinforcement for shear.. 

?su ~ q u ~ - 1-58-— = 1.047 N / mm 2 

Assume that steel yield strength of the stirrups is 280 N/mm 2 . Since the frame girder 
equals 400 mm, the code requires Jour branches of stirrups. Try 10 mm (78.5 mm 2 ) 

= 4x78.5 = 314 mm 2 

The required stirrup spacing can be obtained using code equation (4-22) 

f , 

s x q x b — A x J ^ 5t 


jx 1.047x400 = 3l4x— 

1.15 

s-182 mm, rounding to the lesser integer number —>—> s=150 mm 
4,.min = — xbxs = —x400x 150 = 85 mm 2 < A a (314)...ol 

Use <]) 10@ 150 mm in the inclined part of the girder and <j> 10@ 200 mm elsewhere 
Note: use 10 <(>10 at the foundation level. 
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Reinforcement Detailing of the Frame 

































Example 9.2 

The frame shown in the Figure below and Fig Ex. 9.2 is to be designed for a new 
factory in the Six of October City. The ultimate load including dead and live loads is 
75 kN/m'. The horizontal reaction at the base equals = 127.56 kN. £„= 30 N/mm 2 and 
/ r =360 N/mm 2 . 

Frame spacing =5.0 m. 

Slab thickness =120 mm, b g = 350 mm, r g =1200 mm. 

The frame may be considered unbraced in its plane and braced in the out of plane 
direction 


w u =75 kN/m '(H.P) 



H a =126.56 
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Fig. Ex.-9.2 Frame cross section 














Solution 

Step 1: Calculations of the reactions 

The vertical reaction equals 


Y, = Y h =~x(18 + 2x3.5) = 937.5 kN 


H a =127.56 


w u -75 kN/m '(H.P) 



Y a =937.5 

9.0 


H b = 127.56 


Y b =937.5 

IT 1 


Step 2: Calculations of normal, shear, and bending moments 

The calculation of shear and normal force for the sloped elements can be obtained 
using the following formula 

N = //,. x cos(0) -V, xsin(#) (normal force) 

Q =V j xcos (6) + H i xsin(5) (shear force) 


where 6 = tan — =16.7°, Positive direction is given in the figure below 



section 


1 

2 


3 



H 

V 

0.0 

-262.5 

127.56 

675.0 

127,56 

0.0 

127.56 

-675.0 



Q 


-251.4 


683.2 


36.7 


-609.9 



The normal, shear and bending moment are shown in the following figures. 



























Step 3: Flexural design of the critical section 

Seven sections need to be designed as follows 



Critical section locations 

Step 3.1: Design of section 1 (350x1200) 

The girder section is given as 350x1200 mm. 

Section 1 is a rectangular section and is subjected to the following straining actions 

H.= 1557.6 kN.m 
P u = 0 kN 

Assuming 70 mm concrete cover to the c.g. of the reinforcement 
d = t-10mm =1200-70 = 1130 mm 
To use the R-cd, calculate R 

^—^^■- 15 - 57 - 6x1 ° 6 2 =0.116 
f m *bxd 2 30x350xll30 2 

From the chart with R=0.116, the reinforcement index oj=0 .158 
f 30 

A, =fflx2s-xhxd = 0.158x-x350xll30 = 5207 mm 2 


Ax min = smaller of ( / 


— d =M^M x3 50 x 1130 = 1354 mm 7 J<A. o.k 


1.3 A, =1.3x5207 = 6769 mm 1 


Use 12<X>25 (5890 mm 2 ) & 6016 (about 20% of A s ) as secondary steel 
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Step 3.2: Design of section 2 (350x1200) 

Section 2 is a T-section and is subjected to the following straining actions 

M u = 1557.6 kN.m 
P u =122.2 kN (compression) 


The effective width B is taken as 


B smaller of - 


B= 2270 mm 


16 r, +b 

0.7 x L , 

- + b 

5 

CL —> CL 


16x120 + 350 = 2270 mm 

0.7x18000 „„„„ 

--- v 350 = 2870 mm 

5000 mm 


If P„/f cu b t is less than 0.04, the normal force can be neglected 


P„ = 122.2x1000 

/ m xhxr 30x350x1200 


= 0.0097 < 0.04.neglect normal force 


The design will be carried out as if the section is subjected to moment only. 
Assuming that the neutral axis is within the flange and using C-J curve gives 


Cl = d = 1130/J- 5 - 7 ' 6 - 10 = 7.47 

\ feu xB V 30x2270 

The point is outside the curve, thus c/d) mi „=0.125 and j=0.825 
a = 0.8xc = 0.1xd = 0.1xll30 = 113 mm 

Since a(l 13 mm)<t s (120 mm), our assumption is valid. 

, M u 1557.6xl0 6 

A = —-— =-= 4641 mm 

fxjxd . 360x0.825x1130 


4 smi „ = smaller of • 


0 * 5 ^ 0^25730 oJ[ 

fy 360 

1.3 A, =1.3x4641 = 6033 mm 2 


Use 10d>25 (4909 mm 2 ) (actual detailing=12cl>25) 

Step 3.3: Design of section 3 (350x1200) 

Section 3 is a rectangular section with the following straining actions 
M u = 1824.3 kN.m 
P u = 71.8 kN (tension) 

Since the normal force is tension, it cannot be neglected. M us approach is used to 
calculate the area of steel 
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t f \?nn \ i 

M US =M U +P U (--cover) = 1824.3 +(-71.8)x -^-70 x—— = 1786W.m 

2 l 2 J 1000 


Rl = -^- r = —--- 6 - 1Q6 -= Q. 133 

/„ bd 2 30x350 xll30 2 

The resulting Rl is greater than the singly reinforced section (a=0). Thus use simple 
bending curves with compression steel (a=0.2) and d'/d = 0.1 


R,=0.133 



(0=0.174 


(0 = 0.174 

A s = a>~-b x d +~~— = 0.174x^0- 350x 1130 + — - * 1000 = 5964 mm 2 
4 fy!y s 360 360/1.15 

f ^0 

T; =a (B-f-6 x(/ = 0.2x0.174 X- x 350 x 1130 = 1147 mm 2 

/, 360 

Use 14<t>25 (6872 mm 2 ) Top 

Use 4025 (1963 mm 2 ) Bottom 


Step 3.4: Design of section 4 (350x900) 

Because section 4 has an inverted slab and is subjected to negative bending, it is 
designed as T-section as shown in figure 

M u = 459.4 kN.m 
P u =75.4 kN (compression) 

The effective width B is taken as 


M„= 459.4 
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16 t s +b [16x120 + 350 = 2270 mm 

B smaller of -> ■ CL -» CL = j 5000 mm 

B= 2270 mm 

d = (-cover = 900-50 = 850 mm 

If P u /f cu bt is less than 0.04, the normal force can be neglected 


P a _ 75.4x1000 
fcXbxt 30x350x900 


= 0.0079 < 0.04.neglect normal force 


The design will be carried out as if the section is subjected to moment only. 
Assuming that the neutral axis is within the flange and using C-J curve gives 

C..,,,E:- 8 SO,J 45 »* 10 ‘ ,,0.3 

\f cu xB V 30x2270 

The point is outside the curve, thus c/d) mill =0.125 and j=0.825 

a = 0.8 xc = 0.8 x 0.125x850 = 85 mm 

Since a(85 mm)<t /120 mm), our assumption is valid 

, M u 459.4 xlO 6 2 

A = —-= —- - = 1819 mm 

f, x jxd 360x0.825x850 


A s mr , = smaller of 


°- 2 y 'ft™ b d =^^j£x350x850 = 1018 mm 2 J<A S o.k 
1.34. =1.3x1819=2365 mm 2 


Use 4d>25 (1963 mm 2 ) (Actual detailing 6<E>25) 

Step 3.5: Design of section 5 (350x1200) 

/j — 0.8^ —y t^ ~ 1.2 /?2 

t 2 =0.67/, ^-0.75^, = 0.90m 

The column has a variable cross section starting from 900 mm at the footing and 1200 
mm at the top. The column is subjected to the following forces 
M u = 1364.9 kN.m 
P u =937.5 kN 

For buckling calculations; an average column width measured at 2/3/i is used. 
t mg =t 2 +|((, -t 2 ) = 900+|(1200-900) = 1100 mm 
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Buckling analysis in the out-of-plane direction 

From Fig EX9.2 H 0 = 4.8 m (from the foundation level to the wall beam) 

Since this direction is braced, the effective length factor k can be obtained from Table 
8.3 with case 1 top and case 1 at bottom (the semelle is larger than the column 
dimension). Thus, k=0.75. 

H e -k x.H a =0.75x5.3 = 3.975 m 

tj a 075 

X = —- = —-= 11.36 < 15 (case of braced columns) 

b 0.35 ' 

Thus no additional moments are induced in the out-of-plane direction 

Buckling analysis in the in-plane direction 

• The height of the column is measured from the bottom of the beam to the 
base (Ho), as shown in Figure above. 

H s A-—= 10.7-—= 10.1m 
° 2 2 

• Since the column is unbraced in this direction, the effective length factor k 
can be obtained from Table 8.4. The top part of the column is considered 
case 1, and the bottom part is considered case 3 (isolated footing with no 
semelle). Thus k=1.6, and the effective length H e equals 

= 1 . 6 x 10.1 = 16.16 m 
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At fj=0.8 p=3.0 

At C= 0.9 p=2.5 

using interpolation for ^=0.87 gives p=2.65 
M = P*fcu xlO -4 = 2.65x30x10^ =0.00795 
A s = juxbxt = 0.00795 x 350 x 1200 = 3339 mm 2 
A' s = a ■ A s = 0.4 x 3339 = 1336 mm 2 


(8025, 3927 mm 2 ) 
(4022, 1520 mm 2 ) 


A sjoM = A; + A s = 3927 +1520 = 5447 mm 1 

Since the column is long the minimum reinforcement ratio is 

jj mi „ =0.25 + 0.052 A = 0.25 + 0.052x14.7 = 1.014% 

A SJ min = /u mi „ xbxt = 0.01014x350x1200 = 4258 mm 2 < A SM . a.k 

Step 3.6: Design of section 6 (350x1200) 

Section 6 is a rectangular section and is subjected to the following straining actions 
M u = 1479.9 kN.m P u = 316.1 kN 

If P„/£;u b t is less than 0.04, the normal force can be neglected 


316.1x1000 


= 0.025 < 0.04.neglect normal force 


feu x* 30x350x1200 ' " ° 

The design will be carried out as if the section is subjected to moment only. 
To use the R-ro, calculate R 

-Q.1,03 

f cu xbxd 2 30x350xll30 2 

From the chart with R=0.1103, the reinforcement index &r=0.148 
f 30 

A = eox^~xbxd = 0.148x——-x350xll30 = 4877 mm 2 
f, 360 


A smm = smaller of 


0225 'Jf7u UJ 0-225 V^O 


x350xll30 = 1354 mm 2 J <A, o.k 


1.3 A, =1.3 x 4877 = 6341 mm 2 
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Step 3.7: Design of section 7 (350x900) 

This section is subjected to pure compression (P u = 937.5 kN). From the detailing of 
the frame the section will be reinforced with 4025 and 4022 

A sc =4x491 + 4x380 = 3484 mm 2 

The minimum percentage of reinforcement p for this long column is 1.01% (refer to 
step 3.5) 

K mm = — x6xf = 1^x350x900 = 3194 mm 2 < A sc .O.k 

P u = 0.35 x f m x A c + 0.67 x f y x A sc 

P “ = ^^( 035x30x ( 350x900 ) + 0 - 67x360x3484 ) = 4147 kN >(937.5). o.k 


A s =4025 


A’ s =40)22 



4012 
900 mm 


Step 3.8: Design of section 8 (350x1200) 

This is a column section and the procedure of calculations is similar to those presented 
in section 5. (M„=1020.5 , P u = 937.5 kN)-^—►y4 i =6<I>25 

Step 4: Design for shear 

The critical section for shear is at d/2 from the face of the support 


a,-e-w.x(^ + |)-6 83 .2-7 5 ,(H*M5j, 

Q u 595.82x1000 , xt . , 
q u =——- = —- — - — = 1.506 N/tnm 
bxd 350x1130 


595.82 kN 


The applied shear q u should be less than the maximum shear stress q u , lnax 

=0 - 7 ^ = 0 -70(/§ = 3 -13 N/mm 2 . ..><?„(1.506). ..o.k 

The presence of the tension force (P u = 71.8 kN) decrease the concrete shear capacity of 
the frame by amount of 8 t where 
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S, = 1 -0.3x—— = 1 -0.3x l 1 —l 000 = 0,949 
A, 350x1200 


q a , =S, x0.24^ =0.949x0.24^y| = 1.019JV /mm 2 


Since q u > q cu , the frame has to be provided with special reinforcement for shear. 
9™ = 7, -^- = 1.506-^ = 0.997 N/mm 1 


Assume that steel yield strength of the stirrups is 360 N/mm 2 . Try two branches of 
stirrups with 10 mm in diameter (78.5 mm 2 ) 


A„ =2x78.5 = 157 mm 2 

The required stirrup spacing can be obtained using the following 

sxa xb — A :: ^ yst 
" 1.15 

* x0.997x350 = 157x— ->-*■ s=142.8 mm. 

1.15 

Use 7® 10/m' (s=142 mm). This amount is greater than the minimum given by 

= — xbxs =~^x350xl42 = 55.2 mm 1 <A S ,( 157 mm 1 )..ok 

Note: For the middle third part of the girder and columns where the shear force is 
small, an amount of 5 <t> 10 /m' is used. At the intersection of the column and the 
footing the stirrups is increased to 10 d> 10 /m'. 
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APPENDIX 




Design Charts for Sections 
Subjected to Flexure 


465 












































Area of Steel Bars in cm ^ (used in Egypt) 


<D 

Weight 




Cross sectional area (cm 2 ) j 

mm 

kg/m' 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

6 

0.222 

0.28 

0.57 

0.85 

1.13 

1.41 

1.70 

1.98 

2.26 

2.54 

2.83 

3.11 

3.39 

8 

0.395 

0.50 

1.01 

1.51 

2.01 

2.51 

3.02 

3.52 

4.02 

4.52 

5.03 

5.53 

6.03 

10 

0.617 

0.79 

1.57 

2.36 

3.14 

3.93 

4.71 

5.50 

6.28 

7.07 

7.85 

8.64 

9.42 

12 

0.888 

1.13 

2.26 

3.39 

4.52 

5.65 

6.79 

7.92 

9.05 

10.18 

11.31 

12.44 

13.57 

14 

1.208 

1.54 

3.08 

4.62 

6.16 

7.70 

9.24 

10.78 

12.32 

13.85 

15.39 

16.93 

18.47 

16 

1.578 

2.01 

4.02 

6.03 

8.04 

10.05 

12.06 

14.07 

16.08 

18.10 

20.11 

22.12 

24.13 

18 

1.998 

2.54 

5.09 

7.63 

10.18 

12.72 

15.27 

17.81 

20.36 

22.90 

25.45 

27.99 

30.54 

20 

2.466 

3.14 

6.28 

9.42 

12.57 

15.71 

18.85 

21.99 

25.13 

28.27 

31.42 

34.56 

37.70 

22 

2.984 

3.80 

7.60 

11.40 

15.21 

19.01 

22.81 

26.61 

30.41 

34.21 

38.01 

41.81 

45.62 

25 

3.853 

4.91 

9.82 

14.73 

19.63 

24.54 

29.45 

34.36 

39.27 

44.18 

49.09 

— 

54.00 

58.90 

28 

4.834 

6.16 

12.32 

18.47 

24.63 

30.79 

36.95 

43.10 

49.26 

55.42 

61.58 

67.73 

73.89 

32 

6.313 

8.04 

16.08 

24.13 

32.17 

40.21 

48.25 

56.30 

64.34 

72.38 

80.42 

88.47 

96.51 

38 

8.903 

11.34 

22.68 

34.02 

45.36 

56.71 

68.05 

79.39 

90.73 

102.1 

113.4 

124.8 

136.1 


Area of Other Steel Bars in cm 2 


<1> [Weight ] 
mm | kg/m’ 


0.222 0.28 


10 0.617 0.79 


13 1.042 1.33 


16 1.578 2.01 


19 2.226 2.84 


22 2.984 3.80 


25 3.853 4.91 


28 4.834 6.16 


32 6.313 8.04 


38 8.903 11.34 


Cross sectional area (cm 2 ) 


1.41 1.70 1.98 2.26 


I 2.51 [ 3.02 3.52 4.02 4.52 


3.93 4.71 5.50 6.28 7.07 


6.64 7.96 9.29 10.62 11.95 


110.05 12.06 14.07 16.08 18.10 


14.18 17.01 19.85 22.68 25.52 


19.01 22.81 26.61 30.41 34.211 


24.54 29.45 34.36 39.27 44.18 


30.79 36.95143.10 49.26 55.42 


40.21 48.25 56.30 64.34 72.38 


56.71 68.05 79.39 90.73 102.1 


11 12 


3.11 I 3.39 


14.60 15.93 


22.12 24.13 


31.19 34.02 


41.81 45.62 


54.00 58.90 


67.73 73.89 


88.47 96.5 


124.8 136.1 


Area of Steel Bars in mm 2 (used in Egypt) 


4> 

Weight 

Cross sectional area (mm 2 ) 1 

mm 

kg/m" 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

6 

0.222 

28.3 

56.5 

84.8 

113 

141 

170 

198 

226 

254 

283 

311 

339 

8 

0.395 

50.3 

101 

151 

201 

251 

302 

352 

402 

452 

503 

553 

603 

10 

0.617 

78.5 

157 

236 

314 

393 

471 

550 

628 

707 

785 

864 

942 

12 

0.888 

113 

226 

339 

452 

565 

679 

792 

905 

1018 

1131 

1244 

1357 

14 

1.208 

154 

308 

462 

616 

770 

924 

1078 

1232 

1385 

1539 

1693 

1847 

16 

1.578 

201 

402 

603 

804 

1005 

1206 

1407 

1608 

1810 

2011 

2212 

2413 

18 

1.998 

254 

509 

763 

1018 

1272 

1527 

1781 

2036 

2290 

2545 

2799 

3054 

20 

2.466 

314 

628 

942 

1257 

1571 

1885 

2199 

2513 

2827 

3142 

3456 

3770 

22 

2.984 

380 

760 

1140 

1521 

1901 

2281 

2661 

3041 

3421 

3801 

4181 

4562 

25 

3.853 

491 

982 

1473 

1963 

2454 

2945 

3436 

3927 

4418 

■ -4 

4909 

5400 

5890 

28 

4.834 

616 

1232 

1847 

2463 

3079 

3695 

4310 

4926 

5542 

6158 

6773 

7389 

32 

6.313 

804 

1608 

2413 

3217 

4021 

4825 

5630 

6434 

7238 

8042 

8847 

9651 

38 

8.903 

1134 

2268 

3402 

4536 

5671 

6805 

7939 

9073 

10207 

11341 

12475 

13609 


Area of Other Steel Bars in mm 2 


<t> 

Weight 

Cross sectional area (mm 2 ) | 

mm 

kg/m' 

i 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

6 

0.222 

28.3 

56.5 

84.8 

113.1 

141.4 

. 

170 

198 

226 

254 

283 

311 

339 

8 

0.395 

50.3 

100.5 

151 

201 

251 

302 

352 

402 

452 

503 

553 

603 

10 

0.617 

79 

157 

236 

314 

393 

471 

550 

628 

707 

785 

864 

942 

13 

1.042 

133 

265 

398 

531 

664 

796 

929 

1062 

1195 

1327 

1460 

1593 

16 

1.578 

201 

402 

603 

804 

1005 

1206 

1407 

1608 

1810 

2011 

2212 

2413 

19 

2.226 

284 

567 

851 

1134 

1418 

1701 

1985 

2268 

2552 

2835 

3119 

3402 

22 

2.984 

380 

760 

1140 

1521 

1901 

2281 

2661 

3041 

3421 

3801 

4181 

4562 

25 

3.853 

491 

982 

1473 

1963 

2454 

2945 

3436 

3927 

4418 

4909 

5400 

5890 

28 

4.834 

616 

1232 

1847 

2463 

3079 

3695 

4310 

4926 

5542 

6158 

6773 

7389 

32 

6.313 

804 

1608 

2413 

3217 

4021 

4^5 

5630 

6434 

7238 

8042 

8847 

9651 

38 

8.903 

1134 

2268 

3402 

4536 

5671 

6805 

7939 

9073 

10207 

11341 

12475 

13609 
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Values of a and (3 for solid slab with live loads less than 5 kN/m 2 


r 

i 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2 

a 

0.35 

0.40 

0.45 

0.50 

0.55 

0.60 

0.65 

0.70 

0.75 

0.80 

0.85 

p 

0.35 

0.29 

0.25 

0.21 

0.18 

0.16 

0.14 

0.12 

0.11 

0.09 

0.08 


a and p values for two-way hollow block slabs (Marcus values) 



Coefficients of equivalent uniform loads on beams 


L/2x 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

a 

0.667 

0.725 

0.769 

0.803 

0.830 

0.853 

0.870 

0.885 

0.897 

0.908 

0.917 

p 

0.500 

0.554 

0.582 

0.615 

0.642 

0.667 

0.688 

0.706 

0.722 

0.737 

0.750 
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0.50 


Interaction Diagrams 
(Top and bottom steel) 
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x6x< 
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Interaction Diagram for Rectangular Sections 
(Top and Bottom Steel) 


f y =240 N/mm 2 

a=1.0 

Q=0.9 


iSSil ii m SI 

^isiilllSSBEI 


iBSSlilllllBl 15951 
mmm UUW SmmSSBimRm 

llllllllSBIl lBBBl 


0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 
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P u 

f x 6 x / 


Interaction Diagram for Rectangular Sections 
(Top and Bottom Steel) 



0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 

M u 

As Pu 0.67 /„, x 6 X f 

d 't \j J t *' | t Cs |/f = p/ o ,xl0- 4 

“•nrlrfil ifhe; *.?*>*, 


i 
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IT: 

m 

A 

v As 


M = pfcu x ' [0 ~ 
A s =fJ xbx t 


\A' s =axA, 
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Interaction Diagram for Rectangular Sections 
(Top and Bottom Steel) 


Jeu X O X t 


f y =280 N/mm 2 

a=0.60 

C=0.90 


0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 



/„x*x < 2 


Cs A = P/„x 10' 

C c A s = n xbx t 


\A[ =axA, 
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Jcu xbxt 


Interaction Diagram for Rectangular Sections 
(Top and Bottom Steel) 


f y =280 N/mm 


a=0.60 

£=0.70 


0.02 0.04 0.06 0.08 


0.12 0.14 0.16 0.18 0.2 0.22 0.24 


f cll xbxt 2 
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Interaction Diagram for Rectangular Sections 
(Top and Bottom Steel) 
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a=0.80 

^= 0.90 


■gggigasaBgtesasBBiBii 


—a?awaaiiiiBiBa aiBig Kw 

PM jMj 


-T 


























Ghoneim & Elmihilmy 


Design of Reinforced Concrete Structures 



Ghoneim & Elmihilmy 


Design of Reinforced Concrete Structures 



















Ghoneim & Elmihilmy 


Design of Reinforced Concrete Structures 



504 


Ghoneim & Elmihilmy 


Design of Reinforced Concrete Structures 
























Ghoneim & Elmihilmy 


Design of Reinforced Concrete Structures 



ihoneim & Elmihilmy 


Design of Reinforced Concrete Structures 


SUM 


BBH —B 

iiSl lBHw 

ISSllllSwEaHBSI 


f y =360 N/mm 
a=0.40 
£=0.90 
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Interaction Diagram for Rectangular Sections 
(Top and Bottom Steel) 
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Interaction Diagram for Rectangular Sections 
(Uniform Steel) 


f y =400 N/mm 2 


4 = 0.8 
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Ultimate Limit Design Chart for 

Eccentric Sections 


f y =240 N/mm 
R b = 0.20 
C, =0.9 
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Interaction Diagram for Circular Sections 


f y =360 N/mm 
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INTERACTION DIAGRAMS FOR BIAXIALLY 
LOADED SECTIONS 


f y ~400 N/mm 


C =0.80 
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Units Conversion Table 


REFERENCES 


To transform from 

To 


SI-units 

French -units 

factor 

Concentrated loads 



IN 

kg 

0.1 

1 kN 

kg 

100 

1 kN 

ton 

0.1 

Linear Loads /m' 



1 kN/m' 

t/m' 


Uniform Loads lm 2 



kN/m" 

t/m" 

0.1 

N/m" 

kg/m" 

0.1 

kN/m" 

kg/m" 

100 

Stress 



N/mm" (=1 MPa) 

kg/cm" 

10 

kN/m" 

kg/cm" 

0.01 

kN/m" 

ton/m" 

0.1 

Density 



N/m 3 

kg/m 3 


kN/m 3 

ton/m J 

0.1 

kN/m 3 

kg/m 3 

100 

Moment 



kN.m 

ton.m 

0.1 

N.mm 

kg. cm 

0.01 

Area 



'l 

m 

cm" 

10000 

mm" 

cm" 

0.01 
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advanced. 
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